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THE PRIMARY AND SECONDARY COMPOUNDS OF CATALASE 
AND METHYL OR ETHYL HYDROGEN PEROXIDE 


IV. REACTIONS WITH HYDROGEN PEROXIDE* 


By BRITTON CHANCE} 
(From the Biochemical Department of the Nobel Medical Institute, Stockholm, Sweden) 
(Received for publication, April 7, 1949) 


Stern (1) has found that as much as 0.13 n ethyl hydrogen peroxide is 
required to give 50 per cent inhibition of the destruction of hydrogen 
peroxide by catalase. This is difficult to understand in view of the high 
| affinities of catalase for ethyl hydrogen peroxide in both the primary and 
secondary compounds (~2 X 10-* o) (2), in which all the catalase hema- 
tins are bound to ethyl hydrogen peroxide (3). Stern (1) also tested 
the inhibition of catalase activity by methyl hydrogen peroxide but found 
_ that methyl hydrogen peroxide disappeared in some unexplained fashion. 

Since the activity of catalase is inhibited at a concentration of cyanide 
predicted by the spectrophotometric equilibrium constant (4) and both 

cyanide and peroxide attach to the iron atom of catalase (3), there must 
} be some reaction which is responsible for the small inhibition by the alkyl 
hydrogen peroxides. 

This paper describes a rapid reaction of hydrogen peroxide and cata- 
lase-bound alkyl hydrogen peroxide and presents some mechanisms for 
catalase activity. 


Method 


These reactions were all carried out in the rapid flow apparatus (5) and 
consist of mixing catalase, saturated with alkyl hydrogen peroxide, with 
hydrogen peroxide in the capillary of the rapid flow apparatus. If there 
| is no reaction of catalase alkyl hydrogen peroxide with hydrogen peroxide, 
no effect will be observed except that caused by the dilution of the alkyl 
hydrogen peroxide, which is usually avoided by adding alkyl hydrogen 
peroxide to the hydrogen peroxide solution. The catalase-alkyl hydrogen 
peroxide complex must be stable between the first addition of alkyl hydro- 
gen peroxide and the mixing with hydrogen peroxide in the rapid flow 
apparatus. These conditions were satisfactorily fulfilled with ethyl 
_ hydrogen peroxide (3) and are easy to fulfil with methyl hydrogen peroxide. 
If a reaction of catalase alkyl hydrogen peroxide with hydrogen per- 
oxide occurs, it is necessary to measure the extent of the reaction and to 
*This is Paper 6 of a series on catalases and peroxidases. 


t John Simon Guggenheim Memorial Fellow (1948). Present address, Johnson 
Research Foundation, University of Pennsylvania, Philadelphia. 
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identify any compounds formed in this reaction. It is therefore necessary 
to include a number of calibrations and controls: the optical densities of 
catalase, saturated catalase alkyl hydrogen peroxide, and saturated 
catalase hydrogen peroxide. Also the disappearance of hydrogen peroxide 
caused by catalase under the conditions of the experiment is indicated by 
the platinum microelectrode.' 


Reaction of Catalase Ethyl Hydrogen Peroxide with Hydrogen Perozxide 


In Fig. 1, A, B, and C represent calibrations preliminary to the fina] 
experiment, D. In A, the kinetics of formation and disappearance of 
catalase hydrogen peroxide are recorded spectrophotometrically at 405 
my. As is shown by the middle tracing, the observation tube is initially 
filled with free catalase remaining from the previous experiment in which 
an excess of ethanol is present. On initiation of the flow, the catalase. 
hydrogen peroxide complex forms and remains at its saturation value until 
the flow stops. At this time, the peroxidatic reaction with the excess 
alcohol causes the complex to disappear in about 15 seconds. The lowest 
tracing represents the kinetics of hydrogen peroxide disappearance as 
recorded by the platinum microelectrode.! Catalase present in the 
observation tube from the previous experiment has completely decomposed 
the hydrogen peroxide used then, so that the initial hydrogen peroxide 
concentration is zero. On initiation of the flow, the breakdown of hydrogen 
peroxide by catalase is so rapid that even at the highest value of flow 
velocity (corresponding to a time after mixing of about 5 milliseconds) 
only about half of the initial hydrogen peroxide remains undecomposed, 
as is shown by the small downward deflection of the platinum microelec- 
trode tracing. As the flow stops, the hydrogen peroxide concentration 
falls to zero, as shown by the rise of the platinum microelectrode tracing, 

This record is of especial interest because it verifies the previous assump- 
tion (6) that the free hydrogen peroxide concentration falls to a very low 
value before the catalase-hydrogen peroxide complex begins to decompose. 

In record B, Fig. 1, the reaction of catalase and ethyl hydrogen peroxide 
is shown. The observation tube is again initially filled with free catalase, 
but, since this reaction is relatively slow, the catalase-ethyl hydrogen 
peroxide complex does not form appreciably until after the flow stops. 
Then a large decrease of optical density is indicated by the downward 
deflection. Ethanol is omitted in this experiment to insure that the 
saturation value of the complex is recorded. In this and the following 
records, the amplifier sensitivity is decreased to half the value used in 
record A. Since ethyl hydrogen peroxide does not affect the platinum 
microelectrode, no deflection of that tracing is seen. 


1 Chance, unpublished data. 
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In record C, Fig. 1, catalase is mixed with both hydrogen peroxide and 
ethyl! hydrogen peroxide. Initially the observation tube is filled with 
free catalase. On initiating the flow, the catalase-hydrogen peroxide com- 
plex forms immediately. The decrease of optical density is only about 
one-fourth? of that in record B because this complex consists of only 1 
hydrogen peroxide molecule per catalase molecule (3). At the same time, 
the downward deflection of the platinum microelectrode record shows the 
presence of free hydrogen peroxide in the observation tube. As the flow 
stops, ethyl hydrogen peroxide combines with the free catalase hematins, 
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Fig. 1. Reactions of catalase ethyl hydrogen peroxide with hydrogen peroxide. 
In records A, B, and C, 0.76 um of guinea pig liver catalase is mixed with the reac- 
tants listed beneath each record. In record D, catalase ethyl hydrogen peroxide is 
preformed and is then mixed with the reactants listed. The kinetics of the com- 
plexes are recorded spectrophotometrically at 405 my (the sensitivity in record A 
is twice that in B, C, and D). The kinetics of hydrogen peroxide disappearance 
are recorded by the platinum microelectrode as dashed tracings (portions of the 
original records were retouched for clarity). The microelectrode was polarized 
at +0.7 volt. pH 6.5; 0.01 m phosphate buffer. 





as indicated by the further large decrease in optical density. This record 
shows negligible inhibition of catalase activity, because most of the hydro- 
gen peroxide is decomposed before the ethyl hydrogen peroxide has time 
to combine with the catalase hematins. . 

In record D, Fig. 1, catalase is first mixed with ethyl hydrogen peroxide 
in a test-tube in the absence of ethanol, essentially duplicating the condi- 
tions of record B. Thereby catalase hematins are all bound to ethyl 
hydrogen peroxide, and the complex will be held at the saturation value 


*This sample of guinea pig liver catalase contained very little bile pigment and 
hence nearly four intact hematins. 
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for several minutes. Catalase activity towards hydrogen peroxide would 
now be expected to be zero, since the catalase-hydrogen peroxide complex 
can only form by displacing ethyl hydrogen peroxide groups from catalase 
hematins. Since ethanol is omitted in this “premixing,’”’ the catalase. 
ethyl hydrogen peroxide complex is spontaneously decomposing very 
slowly, k; = 0.02 sec.—'; a time of about 35 seconds would be required ben 
catalase to regain half its normal activity. This mixture containing the 
catalase-ethyl hydrogen peroxide complex and excess ethyl hydrogen 
peroxide is then rapidly introduced into one of the syringes of the rapid 
flow apparatus and is mixed with hydrogen peroxide, as record D shows, 
The observation tube is initially filled with the catalase-ethyl hydrogen 
peroxide complex remaining from a previous identical experiment carried 
out a few seconds earlier. On initiating the flow and mixing the catalase. 
ethyl hydrogen peroxide complex with hydrogen peroxide (and ethyl 
hydrogen peroxide to avoid a dilution effect), the tracing of record D 
immediately rises, indicating a decrease of optical density which occurs 
in about 5 milliseconds after mixing; ethyl hydrogen peroxide is removed 
from catalase hematins in a very rapid chemical reaction with hydrogen 
peroxide. The tracing does not, however, rise to the optical density of 
free catalase; it only rises to the optical density of the catalase-hydrogen 
peroxide complex. Thus hydrogen peroxide strips catalase hematins of 
their ethyl hydrogen peroxide groups in a few milliseconds and at the same 
time combines with catalase hematin to form the hydrogen peroxide com- 
plex and thereby the hydrogen peroxide is decomposed in the ordinary 
catalatic reaction. The downward deflection of the platinum micro- 
electrode tracing clearly shows that hydrogen peroxide is present in the 
observation tube during the flow but is all decomposed by catalase as soon 
as the flow stops; the activity of catalase does not differ significantly from 
record A and is not inhibited by the preformed catalase-ethy! hydrogen 
peroxide complex. 

When the hydrogen peroxide has been decomposed, ethyl hydrogen 
peroxide can recombine with catalase, as indicated by the downward de- 
flection of the spectrophotometer tracing after the flow stops. 

The reaction of catalase ethyl hydrogen peroxide with hydrogen per- 
oxide is about 90 per cent complete in a time of several milliseconds, 
which corresponds to a reaction velocity constant in excess of 10° mu X 
sec.~*. 


Reaction of Catalase Methyl Hydrogen Peroxide with Hydrogen Peroxide 


The reaction of Fig. 1 can also be demonstrated for the catalase-methyl 
hydrogen peroxide complex, as is shown by Fig. 2. Record A is analogous 
to record B of Fig. 1 and gives the saturation value of the catalase-methyl 
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hydrogen peroxide complex. In records B, C, and D, catalase and 10 um 
of methyl hydrogen peroxide are first mixed in a test-tube and are then 
mixed with a second 10 yu portion of methyl hydrogen peroxide, along 
with the other reactants noted in Fig. 2, in the rapid flow apparatus. 
Record B is a control which indicates that catalase methyl hydrogen 
peroxide I formed in this test is stable over the required period. Since 
an excess of ethanol is present, the base-line from the previous injection of 
reactants into the capillary of the flow apparatus corresponds to catalase. 
On starting the flow, the capillary is filled with the preformed catalase- 
methyl hydrogen peroxide, an extra 10 um of methyl hydrogen peroxide, 
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Fic. 2. Reaction of catalase methyl hydrogen peroxide with hydrogen peroxide. In 
record A, 0.57 um of horse liver catalase is mixed with the reactants listed be- 
neath the record. In records B, C, and D, catalase methyl hydrogen peroxide is 
preformed and then mixed with the reactants listed. The kinetics of the com- 
plexes and of hydrogen peroxide are recorded as in Fig. 1. Bz and C2 represent a 
second discharge of the same reactants used in B, and C, respectively. 


and ethanol. The complex is stable for several seconds, and, before 
appreciable decomposition has taken place, the flow is restarted at B2, 
replacing the catalase methyl hydrogen peroxide that existed in the pres- 
ence of a known excess of methyl hydrogen peroxide (10 um) by the cata- 
lase methyl hydrogen peroxide in the storage syringe. Since there was no 
appreciable optical density change, the material in the storage syringe is 
sufficiently stable. Its maximum concentration is less than the saturation 
value, but this is because alcohol is present. 

In records C and D, Fig. 2, the actual tests of the reaction of hydrogen 
peroxide and catalase-bound methyl hydrogen peroxide are made. Since 
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an excess of ethanol is present, record C starts with the optical density of 
free catalase. On injection of the preformed catalase methyl hydrogen 
peroxide, the optical density of catalase methyl hydrogen peroxide found 
in record B is not obtained during the flow; a downward deflection of 
about one-third that of record A is obtained, corresponding to the optical 
density of catalase hydrogen peroxide. As in Fig. 1, the platinum elec. 
trode indicates the presence of hydrogen peroxide in the capillary during 
the flow. As the flow stops, the optical density becomes equal to that of 
record B, owing to the reformation of the catalase-methyl hydrogen perox- 
ide complex. The injection of fresh reactants several seconds later at C, 
gives a very large contrast to record B:, for here the optical density im- 
mediately decreases to that of catalase hydrogen peroxide and is followed 
by the reformation of the catalase methyl hydrogen peroxide when the flow 
stops. This record is analogous to record D of Fig. 1. The half time 
for the decomposition of this complex (4 of) into free catalase is only about 
half that found in record B. This indicates that about one-half of the 
methyl hydrogen peroxide is destroyed in the brief interval required for 
the destruction of the hydrogen peroxide. Stern’s early experiment (1) 
with catalase, hydrogen peroxide, and methyl hydrogen peroxide is thereby 
explained; not only does catalase methyl hydrogen peroxide react rapidly 
with hydrogen peroxide but also the excess methyl hydrogen peroxide 
recombines rapidly enough with catalase so that a considerable turnover 
of methyl hydrogen peroxide occurs simultaneously because of the reaction 
of this complex with hydrogen peroxide. 

In record D, Fig. 2, ethanol is omitted, and it is seen that the optical 
density of the complex from the previous injection is equal to that of record 
A; catalase is saturated with methyl hydrogen peroxide. On mixing the 
complex with hydrogen peroxide, a similar rapid decrease of optical density 
to that of catalase hydrogen peroxide is seen. This indicates that the 
reaction may occur with partially or fully saturated catalase methyl hydro- 
gen peroxide. 

Only a small fraction of the catalase alkyl hydrogen peroxide is in the 
form of compound II in the records of Figs. 1 and 2. When the alkyl 
hydrogen peroxide concentration is increased to favor the formation of the 
secondary compounds, complete inhibition of catalase is not obtained in 
accordance with Stern’s data (1). Since it is unlikely that the secondary 
compounds react with hydrogen peroxide, the activity of catalase in the 
presence of a large excess of alkyl hydrogen peroxide is probably caused by 
the reaction of a small amount of the primary compound with hydrogen 
peroxide in the manner shown here. 

A much more vivid demonstration of the rapid reaction of hydrogen 
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peroxide with catalase methyl hydrogen peroxide I is afforded when the 
hydrogen peroxide is continuously generated, as by notatin, glucose, and 
oxygen (7). Here the reaction of hydrogen peroxide with catalase-bound 
methyl hydrogen peroxide continues until all the methyl hydrogen peroxide 
has disappeared. The velocity constant for the reaction of hydrogen 
peroxide with catalase methyl hydrogen peroxide is estimated to be about 
5 Xx 10°’ uw X sec. 
DISCUSSION 

Inhibition of Catalase by Alkyl Hydrogen Peroxide—These experiments 
show that catalase, incubated with alkyl hydrogen peroxides long enough 
to form the primary complexes with all four catalase hematins bound, 
still reacts very rapidly with hydrogen peroxide. Thus no inhibition of 
catalase is caused by these primary complexes. However, in the presence 
of large amounts of ethyl hydrogen peroxide (0.13 N) as used by Stern 
(1), competitive inhibition of catalase has been demonstrated. We offer 
the following explanation based upon these experiments. Ethyl hydrogen 
peroxide (0.13 N) can react rapidly enough with catalase to form a small 
steady state concentration of the primary complex which will change to 
the secondary complex. The secondary complex formed in the cuvette of 
a recording spectrophotometer does not decompose on the addition of an 
excess of hydrogen peroxide (7). Thus catalase activity is inhibited by the 
inactive secondary catalase-ethyl hydrogen peroxide complex. Such 
inhibition will be competitive, as found by Stern, since the steady state 
concentration of the primary catalase-ethyl hydrogen peroxide complex 
will be decreased on increasing the hydrogen peroxide concentration. 
Thus the formation of the inactive secondary complex will be decreased. 
The competition is between hydrogen peroxide and catalase ethyl hydrogen 
peroxide II for catalase ethyl hydrogen peroxide I. 

Reaction Mechanisms—The experiments just described provide an im- 
portant link in the development of tentative reaction mechanisms for 
catalase which explain both the peroxidatic and catalatic® activities. 
In the equations which follow, the symbol Fe stands for any one of the 
four catalase hematin-iron groups. The hydroxyl group found by Agner 
and Theorell (8) is replaced by the peroxide group in these reactions (2). 
Possible intermediate steps in these reactions, such as the formation of 
free radicals, are omitted. The momentary formation of a catalase perox- 

*Catalatic activity is here defined as the reaction of a hemoprotein with hydro- 
gen peroxide, giving water and oxygen. Peroxidatic activity is here defined as the 


reaction of a hemoprotein with a peroxide molecule and an acceptor molecule in 
which the acceptor is oxidized and no oxygen is evolved. 
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ide and alcohol complex would make it possible for both the hydrogen 
atoms of the alcohol to be transferred simultaneously, as indicated jn 
these equations. 

It is possible that the acceptor molecule is attached to specific groups 
in the catalase protein in this complex. Since such groups are not yet 
known, this step in the reaction is omitted. The equations for the forma- 
tion of the catalase-peroxide complexes and for their conversion into the 
secondary complexes were given previously (2); here only the reactions of 
the catalase peroxide molecules will be given. 


The oxidation of alcohols by catalase-hydrogen peroxide is represented 
by Equation 1. 


FeOi0H <> Fe OH + H20 
roe 
uae © . (1) 
R -C- OH) R-G=0 
H H 


With alkyl hydrogen peroxides, the reaction is similar. The equations 
indicate the possibility that an alcohol is formed from the alkyl hydrogen 
peroxide. 


FeOlOR <———> Fe OH + ROH 

a 

of (2) 
R -G- OH! R-¢=0 

4 4 


Here the choice of the reactive oxygen atom of the peroxide group is purely 
arbitrary. 


The experiments of this paper show that hydrogen peroxide can replace 

an alcohol, 

Fei0iOR <———> Fe OH + ROH 
OOH: Or (3) 
probably giving oxygen and an alcohol. 

In Equations 1 and 2, the catalase-peroxide complex has been repre- 
sented as a dehydrogenase which removes 2 hydrogen atoms from the 
acceptor molecule in accord with studies of peroxidase.‘ 

There is strong support that the representation given in Equation 3 is 
correct; if the following reaction occurred, 


FeliOR ~———> Fe OH + ROH 
HO}OH 0» (4) 
there is no reason why the analogous reaction should not occur, 


‘Chance, to be published. 
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FeiO(OR <———> FeOH + 2ROH 
H.0+HIOIOR O- (5) 


But the reaction of Equation 5 most certainly does not occur; the absence 

of oxygen evolution is an outstanding feature of the “spontaneous” de- 

composition of the catalase-alkyl hydrogen peroxides. Therefore, Equa- 

tion 4 is extremely dubious, and Equation 3 has been adopted as correct. 
The catalatic reaction, by analogy with Equation 3, is then 


Fei0jOH <———> FeOH + H20 

iHi0 OjH} O2 (6) 
According to this mechanism, the catalatic activity is the special case of 
peroxidatic activity in which the substrate® and acceptor® molecules are 
the same. The peroxide molecule attached to the iron atom is reduced, 
and the 2nd peroxide molecule is oxidized. 

The mechanism of Equation 6 does not indicate that horseradish and 
lactoperoxidases would act catalatically, for they show a high reactivity 
towards a related, but different, molecular structure of the acceptor,‘ 
for example the enediol group, and do not react with hydrogen peroxide as 
an acceptor. 

An alternative mechanism, which is based upon none of the properties 
of catalase acting peroxidatically, is that substrate and acceptor molecules 
attach to different hematin groups of catalase (see Theorell (9)). Such 
a mechanism cannot apply to the reactions of the catalase alkyl hydrogen 
peroxides, since no inhibition of the reactions represented by Equations 2 
and 3 is obtained when all the hematin groups of catalase are bound to 
alkyl hydrogen peroxide. Thus this mechanism is applicable only to the 
catalatic reaction and may be represented by Equation 7. 





HOFe—FeOOH HOFe—FeOOH 
mg + HOOH -—— — 
HOFe—FeOH HOFe—FeOOH 
+ H,0 
HOFe—FeOH 


+ O: (7) 
HOFe—FeOH 


When the 2nd hydrogen peroxide molecule becomes attached to any 
one of the free hematin groups to form a hypothetical complex, 2 electrons 


5’ The substrate molecule is here defined as the molecule that participates in 
the enzyme-substrate complex and that is reduced on reaction with the acceptor 
molecule. 

*The acceptor molecule is here defined as the molecule which is oxidized by 
the enzyme-substrate complex and is so named here because it accepts the oxygen 
atom of the peroxide group. 
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are transferred internally through the catalase protein from one of the 
hydrogen peroxide molecules to the other. Thus this is termed an 
‘“nternal” reaction.’ The life time of the catalase complex with 2 peroxide 
molecules attached must be very short to agree with the experimental 
data. 

According to Equation 7, catalase catalyzes the destruction of hydrogen 
peroxide by virtue of having at least two hematin groups attached to the 
same protein molecule, while only one hematin group is required by Equa- 
tion 6. Equation 7 is attractive because it provides a simple explanation 
of why horseradish and lactoperoxidases do not cause the catalatic reac. 
tion: they have only one hematin group. This explanation also includes 
the 4-hematin methemoglobin because there only secondary inactive perox- 
ide complexes are formed. Equation 7 also provides a simple explanation 
of the decrease of catalase activity with the decrease of the number of 
intact hematin groups. Bonnichsen (10) found that a 2.3-hematin catalase 
was considerably less than half as active as a 4-hematin catalase. The 
serious drawback of Equation 7 is that it cannot apply to the data given 
in this paper and in that of Chance (7) on the reaction of catalase alkyl 
hydrogen peroxides with hydrogen peroxide. 

The composition of catalase hydrogen peroxide of 1.2 + 0.1 peroxide- 
bound hematins per catalase molecule is explained on the basis of the 
consecutive reactions of hydrogen peroxide with catalase and with cata- 
lase hydrogen peroxide. In Equation 6, this means that each hematin 
is 30 per cent saturated with hydrogen peroxide, while in Equation 7 each 
pair of hematins is 30 per cent saturated with hydrogen peroxide. If the 
total number of hematins in catalase is reduced to two, then the composi- 
tion of catalase hydrogen peroxide according to Equations 6 and 7 would 
be 30 per cent X 2 or equivalent to 0.6 hematin group. But no such change 
in the composition of catalase hydrogen peroxide has been found with a 
2.7-hematin catalase. Therefore, heme-heme interaction has been postu- 
lated for which there is no evidence from the studies of either the cyanide 
or alkyl hydrogen peroxide complexes. 

A rather different theory, which does not require a postulation of heme- 
heme interaction, is represented by Equation 8 in which one of the catalase 
hematins is fully saturated with hydrogen peroxide, and, because of this, 
the whole catalase molecule acquires special properties and is able to 
decompose hydrogen peroxide directly into free radicals. 

HOFe—FeOOH HOFe—FeOOH 


ce + HOOH-—— | | + 20H (8) 
HOFe—FeOH HOFe—FeOH 





7 An internal reaction is defined as one in which the reactants attach to different 
hematin groups on the same catalase molecule, and the reaction occurs by electron 
transfer through the catalase molecule. 
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The attachment of the 2nd peroxide molecule could be either to the 
peroxide-bound hematin or to a free catalase hematin. This theory, 
however, requires that the composition of catalase hydrogen peroxide be 
1.0 peroxide-bound hematin per catalase molecule (see Chance (7)). 

The mathematical solutions for the kinetics of Equations 6, 7, and 8 
are being studied and give very nearly identical results over the range of 
experimental conditions that can now be investigated and as yet give 
no preference to any one of the three mechanisms for the catalatic reaction. 
However, the mechanism of Equation 6 is much preferred because it 
applies to both the peroxidatic and catalatic reactions. 

A general equation for catalase action which covers Equations 6 and 7 
has been proposed previously (for a summary, see Sumner (11)). 


Fe-OH + H.0O, -—— Fe-OOH + H.O (9) 


The speculation involved in these equations now receives support because 
of the following findings: (1) the intermediate compound of catalase and 
hydrogen peroxide (6); (2) the lack of a Michaelis constant for catalase 
action (12); (3) the peroxidatic reactions of catalase hydrogen peroxide 
(6). It is interesting to note that none of the sponsors of these equations 
realized that these consecutive reactions would not give the then accepted 
Michaelis constant of catalase, which has now been proved to be an artifact 
due to catalase inactivation (12). 

An up to date form of the equations is 

GOH), + 1,0, ————  .. 6.0m, 00m 4a) ak 


~3.5 10? m= sec.~! 
Cat(OH), OOH + HeO2 me Bs Gat(OH), + H20 + 02 (12) 








where the symbol Cat represents the catalase molecule. 

In the mechanism recently proposed by Lemberg and Foulkes (13) for 
the catalatic and peroxidatic activities, the catalase-hydrogen peroxide 
complex spontaneously breaks down into oxygen and (XH2)Fe™ and then 
reacts with a 2nd hydrogen peroxide molecule or with an alcohol. But 
the lack of oxygen evolution in the peroxidatic activity of catalase is one 
of the fundamental features of Keilin and Hartree’s experiments on coupled 
oxidations (14). 

Substrate and Acceptor Specificity of Catalase—The lack of activity of 
catalase with diethyl peroxide (1) shows that substrates of the type 
R—OOH are required to form the catalase-peroxide complexes. In 
catalatic activity in which the substrate also serves as acceptor, 2 hydrogen 
atoms are required of the peroxide molecule, and only hydrogen peroxide 
is suitable. 

Catalase peroxides oxidize methanol, methylene glycol, and formate 
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with about equal velocity, and all these molecules have a hydrogen atom 
and a hydroxyl group attached to carbon: H—C—OH (2). The catalase. 


peroxide complexes act as a dehydrogenase and remove 2 hydrogen atoms 
from this group. Of the analogous compounds, ethanol, acetaldehyde, 


and acetic acid, only ethanol, which has the H—C—OH group, is oxidized, 


Thus both the hydroxy] group and the hydrogen atom must be attached to 
the same carbon atom. The acceptor action of hydrogen peroxide indi- 
cates that the carbon atom may be replaced by oxygen in hydrogen perox- 
ide.6 Replacement of the hydroxyl oxygen atom by sulfur as in ethyl 
mercaptan results in a much slower reaction velocity, about one-tenth. 
The reactivity of catalase peroxides towards large molecules having the 


H—C—OH group is severely restricted by the limited accessibility of 


catalase hematin, and many substances of biological importance which 
contain this group have been found to be too large to react with catalase 
with a velocity comparable to that obtained with the small molecules. 

The experiments of Keilin and Hartree (14), in which hemoglobin is 
oxidized to methemoglobin in the presence of catalase and the notatin 
system, is not a coupled oxidation in which hemoglobin is an acceptor; 
the reaction proceeds farther in the absence of catalase. 


SUMMARY 


1. Hydrogen peroxide. reacts very rapidly with the primary catalase- 
alkyl hydrogen peroxide complexes in a fashion analogous to their perox- 
idatic reactions with alcohols. Thus hydrogen peroxide can act as an 
acceptor. The reaction of hydrogen peroxide with the catalase-hydrogen 
peroxide complex is considered to occur in the same fashion; here hydrogen 
peroxide molecules act as substrates or acceptors. 

2. The primary catalase-alkyl hydrogen peroxide complexes are not 
inhibitors of the catalatic activity; the competitive inhibition found by 
Stern is therefore attributed to the formation of the secondary catalase- 
ethyl hydrogen peroxide complex. 

3. Catalase requires 4 hydrogen atom in the peroxide group (HOOR) 
acting as a substrate and a hydrogen atom and a hydroxyl group 

® The recent work of Heppel and Porterfield (15) shows that catalase oxidizes 


nitrite in coupled oxidations. We confirm their results by these methods and we 
may include nitrogen along with carbon and oxygen. 
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(H—C—OH) attached to a carbon atom in the alcohol or acid acting as an 
| 


| 
acceptor. 

4, Catalatic activity requires the participation of 2 molecules of hydrogen 
peroxide. The 1st molecule is required to form the catalase-hydrogen 
peroxide complex. Three mechanisms are discussed for the mode of action 
of the 2nd peroxide molecule: (1) it may react near the peroxide group 
already attached to catalase hematin (a peroxidatic mechanism); (2) it 
may react with a free catalase hematin (an internal reaction) to give free 
catalase, oxygen, and water; or (3) it may react to give catalase hydrogen 
peroxide and free radicals. No final decision can yet be reached on the 
exact mechanism of reaction of the 2nd peroxide molecule. 


The author wishes to acknowledge his gratitude to those who have taken 
an active interest in the progress of this research and who have made many 
useful criticisms and suggestions: Professors H. Theorell, L. Pauling, D. 
Keilin, F. J. W. Roughton, and Dr. E. F. Hartree. I am greatly indebted 
to Dr. R. K. Bonnichsen for supplying the bulk of the catalase preparations 
used in these experiments. 

The apparatus was constructed through the support extended the Massa- 
chusetts Institute of Technology, Research Laboratory of Electronics, 
by the Army Signal Corps, the Navy Department, and the Army Air 
Forces, and this is gratefully acknowledged. The recording equipment 
was obtained on loan from the Navy Department. 

The continuing interest of Dr. D. W. Bronk has been most stimulating. 
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SERUM VASOCONSTRICTOR (SEROTONIN) 


vy. THE PRESENCE OF CREATININE IN THE COMPLEX. A PRO- 
POSED STRUCTURE OF THE VASOCONSTRICTOR PRINCIPLE 
By MAURICE M. RAPPORT 
(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, May 21, 1949) 


In the fourth paper in this series (1) the isolation of the substance 
believed to be responsible for the marked vasoconstrictor activity of serum 
was reported. ‘This substance was characterized as an indole derivative 
from its ultraviolet absorption spectrum and its behavior in various color 
and other chemical reactions. The analytical data agreed well with the 
empirical formula Cy4H20;Ns-H:SO,. The titration curve in aqueous 
solution revealed two titratable groups with pK’, of 4.9 and pK’. of 9.8. 
Both of these groups were believed to be basic in nature, and the pK’ 
value of the weaker suggested an acylated guanidine structure. Indeed, 
the value was very close to that reported in the literature for creatinine, 
while the formation of ammonia on treatment with alkali and the pres- 
ence of one N-methyl grouping suggested that a creatinine residue might 
well be present in the molecule. 

The fact that only exceedingly small quantities of pure substance were 
available led to an investigation of this possibility by colorimetric means, 
and it was quickly determined that serotonin sulfate responded positively 
to both the Jaffe alkaline picrate reagent and the Benedict alkaline 3 ,5- 
dinitrobenzoic acid reagent, with a color intensity equal (within an ex- 
perimental error of about 10 per cent) to that of creatinine on a molar 
basis. Benedict’s study (2) of the specificity of the alkaline 3 ,5-dinitro- 
benzoic acid reagent with respect to creatinine showed that derivatives 
and closely related compounds such as glycocyamidine could be readily 
distinguished by measuring both the intensity of color and the rate of 
color development. Comparison of serotonin sulfate with creatinine in 
this fashion again revealed almost identical behavior. 

It then became necessary to investigate the question of whether a 
creatinine-like residue was actually part of the molecular structure of 
serotonin, or whether, as now seemed more likely, the entity isolated and 
designated as serotonin sulfate was not in reality a complex containing 
an indole base, creatinine, and sulfuric acid. 

The behavior of serotonin on a paper chromatogram developed with 
butanol showed that the latter was indeed the case, for the creatinine 
chromogen was completely separable from the indole chromogen. 
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The presence of creatinine was then directly confirmed by isolation of 
its picrate. In addition, the crystalline picrate of the indole base wag 
obtained for the first time. Elementary analysis of the latter confirmed 
the empirical formula CjH,O2N:2 obtained by deducting that of creatinine 
(C,H;ON;) from that of the complex (CyH203N5). 


EXPERIMENTAL 


Melting points were determined on the micro hot stage and are uncor. 
rected. 

Color Reactions—The serotonin sulfate complex was compared with 
creatinine for intensity of color per mole in both the alkaline dinitro. 
benzoic acid reaction of Benedict and the alkaline picric acid reaction of 
Jaffe. 

The method used for the dinitrobenzoic acid reaction was that described 
by Benedict and Behre (2). To 5.0 ml. of unknown in aqueous solu 
tion were added 1.0 ml. of 5 per cent ethanolic 3,5-dinitrobenzoie acid 
and then 1.0 ml. of 5 per cent aqueous sodium hydroxide. After standing 
15 minutes at room temperature, the optical density was determined at 
A = 5400 A with a Coleman model 11 universal spectrophotometer and 
No. 6-304B cuvettes. 

The picric acid reaction was carried out as follows. To 5.0 ml. of un- 
known solution were added 2.5 ml. of an alkaline picric acid solution 
made by adding 1.0 ml. of 10 per cent aqueous sodium hydroxide to 
5.0 ml. of saturated aqueous picric acid. After standing at room tem- 
perature for 20 minutes, the color was determined with the Coleman 
instrument at A = 5200 A. 

The results (Table I) show that serotonin complex gives a molar color 
development almost equal to that of creatinine by both methods. 

The rates of color formation with Benedict’s reagent of serotonin sul- 
fate complex and creatinine (Table II) are almost identical. In this ex- 
periment the ratio of color per mole of serotonin complex to color per 
mole of creatinine is 0.94. 

Paper Chromatography—40 vy of serotonin sulfate complex in 0.01 ml. 
of water and 10 y of creatinine in 0.01 ml. of water were placed on What- 
man No. | filter paper and developed with butanol saturated with water 
by downward irrigation for 17 hours at room temperature. ‘Two strips 
of the serotonin and one of the creatinine were run simultaneously. After 
drying in air, one of the serotonin strips (C) was cut off and sprayed 
with Ehrlich’s reagent.! The remaining two strips (A and B) were 


1 The spraying reagent was prepared by adding 6 ml. of butanol to 1 ml. of 4 
solution containing 1 gm. of p-dimethylaminobenzaldehyde in a mixture of 30 ml. 
of 95 per cent ethanol and 30 ml. of concentrated hydrochloric acid (5). 
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sprayed with Benedict’s reagent.2 The results (Fig. 1) show that the 
indole portion of the complex (C) was completely separated from the 
creatinine portion (B) and that the latter migrates with almost the same 
velocity (Rr = 0.15) as creatinine (Ry = 0.16). The colors obtained 


TABLE I 


Comparison of Intensity of Color Produced by Serotonin Sulfate Complex and 
Creatinine in Benedict and Jaffe Reactions* 

















Benedict alkaline Jaffe alkaline 
3, 5-dinitrobenzoate picrate 
Sunniate pyre | Serotonin | sa 
sulfate com- | Creatinine, | sulfate com- — 
plex, 33 y | plex, 417 | e 
Color density 0.033 0.039 | 0.052 0.048 
Color per mole serotonin sulfate complex 
— : eee 0.92 0.95 


Color per mole creatinine 





*The quantity of serotonin sulfate complex was determined from the ultraviolet 
absorption at 2750 A in the Beckman spectrophotometer, with 10 mm. cells. The 
calculation was made from the formula, y per ml. = (density X 100)/1.43, for densi- 
ties between 0.2 and 0.6. 


TABLE II 


Rate of Color Development with Benedict’s Reagent of Serotonin Sulfate 
Complex and Creatinine* 











Serotonin sulfate complex, 205 + Creatinine, 50 y 
Time ee ee eae ee ee ae ; Se eee ae a ate 
Color density En Color density | anaes 
min | 
1 0.084 36 0.079 37 
3 | 0.148 | 64 | 0.139 65 
5 0.182 | 78 0.169 79 
10 0.218 94 0.203 94 
15 | 0.281 100 0.215 | 100 
20 0.232 100 0.215 100 
30 0.220 | 95 0.196 91 








*See foot-note to Table I. 


with both Ehrlich’s and Benedict’s reagents are initially violet. The 
color developed with Benedict’s reagent fades to pink and then disap- 


* The spraying reagent was prepared by adding 3 ml. of butanol to a solution 
of 2 ml. of 5 per cent ethanolic dinitrobenzoic acid plus 1 ml. of 5 per cent aqueous 
sodium hydroxide, 
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pears. A pale brown color slowly develops at the position of the indole 
base (strip B). This reaction is believed to be responsible for the legs 
rapid fading of the color obtained with serotonin sulfate complex as com. 
pared with creatinine (Table II). 

Isolation of Picrates—9.4 mg. of serotonin sulfate complex were dis. 
solved in 0.5 ml. of water by slight warming and 0.5 ml. of saturated 
aqueous picric acid was added. A faint reddish coloration and the de. 
velopment of turbidity were observed. The solution was warmed until 
it became almost clear, and it was then allowed to cool slowly. Beauti- 
ful orange-red needles began to separate as crosses which became tufted 
and then developed through sheaves into perfect rosettes. On standing 




















Fic. 1. Paper chromatogram showing the separation of creatinine from the indole 
portion of serotonin sulfate complex. A, 10 y of creatinine, B, 40 y of serotonin 
complex developed with creatinine reagent, C, 40 y of serotonin complex developed 
with Ehrlich’s reagent. For details see the text. 


overnight a second kind of crystal made its appearance, dense yellow 
rosettes of prisms. The crystals were centrifuged, washed with a mini- 
mum quantity of water, and dried by evaporation on the water pump. 
The four dense yellow clusters (3.5 mg.) were separated mechanically 
from the fluffy orange-red needles (4.3 mg.). 

The yellow clusters were recrystallized from a small quantity of water 
and separated as individual stout yellow prisms melting with decomposi- 
tion at 207-210° when heated at a rate of 2° per minute. Creatinine 
picrate was prepared from an authentic sample of creatinine (Pfanstiehl) 
and was obtained on recrystallization from water as typical, long, straw- 
like, yellow needles which melted, under identical conditions, at 208 
211° with decomposition. The mixed melting point was 207—210°. 
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In a qualitative spot test with Benedict’s reagent, both samples showed 
identical behavior, forming an orange-red color at the site of the crystal 
which developed into a violet-brown color in the solution. 

It is believed that the evidence favoring the identity of the two picrates 
outweighs the observed difference in crystal habit. 

The orange-red needles of the indole picrate were recrystallized twice 
from water. The melting point determination was complicated by sev- 
eral distinct transitions, unaffected by further recrystallization. Fusion 
began at 105-110°. Some crystals melted completely, but the mass 
slowly became deep red in color. Resolidification of the melted crystals 
then began and was essentially complete by 130°. The deep red color 


re) 


io7> 
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Fic. 2. Ultraviolet absorption spectrum of serotonin in water at pH 5.4 (solid 
line) and pH 11.6 (dotted line). 


paled from 165-175°, and complete fusion with decomposition occurred 
at 185-188°. The rate of heating during transitions and melting was 2° 
per minute. 

These crystals gave no color with Benedict’s reagent, but with Ehr- 
lich’s and Folin’s reagents qualitative spot tests were positive. The ana- 
lytical sample was dried at 80° over phosphorus pentoxide in vacuo to 
constant weight.* 


CyoHyO2N2:CeaH30.N3. Calculated. C 45.39, H 4.05, N 16.55 
423.3 Found. “ 45.65, “ 4.28, “ 16.95 





* Analyses by Dr. A. Elek, Los Angeles. 
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Ultraviolet Absorption Spectrum—The ultraviolet absorption spectrum 
of serotonin sulfate complex was reported (1) to be essentially the same 
with regard to maxima and general contour in aqueous solution at pq 
3.5 and 10.3. It has now been found that at pH 11.6 (Beckman pH 
meter) the absorption spectrum shows a remarkable shift of the second 
maximum (Fig. 2). The significance of this change will be discussed 
below. Absorption measurements were made with a Beckman model DU 
quartz spectrophotometer. 


DISCUSSION 


The identification of creatinine in the serotonin sulfate complex cop. 
firms the molecular weight of 405 for this complex, since the dissociation 
constant characteristic of this substance is in accord with that obtained 
from the theoretical dissociation curve calculated on the assumption of 
this molecular weight (1). Additional evidence favoring this value js 
obtained from the molecular extinction at 2750 A which agrees well with 
that expected for absorption of indoles. There is, then, little doubt that 
the empirical formula of the indolic base portion of the complex (which 
is also, presumably, responsible for the pharmacological activity) is 
CyHyO.N2. The molecular complexity of the vasoconstrictor principle 
is thus not much greater than that of epinephrine. 

If we subtract the formula for the indolyl group (CsH,N), the number 
of atoms which must still be put into place is very few, C.HsO.N. The 
number of suitable structures which can be written is therefore quite 
limited, and before discussing the possibilities, it might be well to r- 
capitulate those properties which an acceptable structure must satis- 
factorily explain. 

The most important of these is the ultraviolet absorption spectrum 
which deviates in contour quite markedly from that found for such other 
widely occurring indoles as tryptophan, tryptamine, and indican. The 
shift in the second maximum from 2930 A to 3230 A which occurs on 
raising the pH to 11.6 (Fig. 2) and which is not observed at pH 10.3 (1) 
suggests the presence of a weakly acidic function. The position of the 
maximum at 2750 A, which remains unchanged during these shifts in pH, 
is consistent with indolic absorption. Clearly then, the maximum at 
2930 A is attributable to a second absorbing group. It would be difficult 
to locate such a group in a side chain which maximally contains C,H;0.N, 
especially since this empirical formula is already above the theoretical 
degree of saturation. The assumption of a second nuclear substitution 
of the indole must therefore be made, and a phenolic grouping would 
most easily account for the observed facts. This conclusion gains fur- 
ther support from the color reaction with the Folin-Ciocalteau reagent, 
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which indicates the presence of a second reducing group besides the 
indole (1). It might be remarked that several attempts to detect the 
odor of indole on micro zinc dust distillation of serotonin sulfate complex 
met with no success, although positive results were easily obtainable with 
compounds containing a simple indole nucleus. 

With regard to the location of this phenolic group, the intensity and 
rate of color development in the quantitative Hopkins-Cole reaction (1) 
indicate that positions 1 and 2 of the indole nucleus are unsubstituted. 
Comparison of both the Hopkins-Cole reaction and the ultraviolet ab- 
sorption with that of indican* rules out position 3. Of the remaining 
four positions in the benzene ring, biological analogy to such naturally 
occurring compounds as physostigmine and, more importantly, bufotenine 
(I), strongly favors position 5. As has been pointed out by Wieland e¢ al. 
(3), no simple indole substituted in positions 4 or 7 has ever been found 
in nature. Although these monohydroxyindoles have never been syn- 
thesized,® the methoxy compounds are known. Pruckner and Witkop (4) 
have published the ultraviolet absorption spectra of 5-methoxy- and 
§-methoxyindole dissolved in alcohol, in connection with their studies of 
yohimbine. The curves are quite different from each other, and that of 
the 5-methoxy compound shows the same contour and almost the identi- 
cal molecular extinctions of the two maxima observed with serotonin. 
Although the positions of the maxima of 5-methoxyindole are displaced 
60 A toward the shorter wave-lengths, the similarities lend considerable 
weight to the argument favoring the 5 position for the phenolic sub- 
stituent. 

If the assumptions made are correct, the structure would now stand 
at II. It can be readily seen that two possibilities can explain such an 








Ho—#*» RW R= CH:CH:N(CHi)s 
1 (I) R = C:H,ON 
le , (I) R = CH:N(CH): 
NANA Z (IV) R = CH.CH:NH; 


anomalous side chain. The first would require that the empirical formula 
be in error by two hydrogen atoms, and the second would postulate the 
presence of 1 mole of water of crystallization. With regard to the first, 
the three analyses are consistent in showing hydrogen values which are 
higher than the theoretical. An excess of two hydrogen atoms in the 
empirical formula would therefore mean that the analytical results were 


‘Unpublished experiments. 

‘The synthesis of the monohydroxyindoles has been described in a recent paper 
(Beer, R. J. S., Clarke, K., Khorana, H. G., and Robertson, A., J. Chem. Soc., 
1605 (1948)) . 
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in error for hydrogen by 12 to 18 per cent, a possibility which seems 
unlikely. 

The second alternative, namely, the presence of water of crystalligg. 
tion, is believed to be more consistent with the facts. Although gud 
hydrate water was not detectable in the complex despite prolonged drying 
at 110°,* hydrates which do not lose their water below the decomposition 
,oint are known to occur. In fact, with the compound most closely 
related to that under consideration, namely, bufotenine (I), this phe. 
nomenon led to an incorrect empirical formulation on the basis of analy. 
ses of the oxalate salt (3). Inasmuch as both serotonin derivatives which 
were analyzed were crystallized from water, the probability of the pres. 
ence of hydrate water is high. It might be noted further that the sulfate 
complex effervesces slightly on decomposing (1), while the picrate shows 
a decided transition at 105-110°, both observations being explainable by 
the presence of hydrate water. 

If this assumption is made, the side chain would be C2H¢N. With the 
exception of the presence of a basic group dissociating with a pK’ of 98 
(1), there is no evidence pertaining to this grouping. However, analogy 
to those compounds known to exert such powerful pharmacological effects 
presents an exceptionally strong argument in favor of a simple ethylamine 
side chain. Tentatively, then, the constitutional formula of 5-hydroxy- 
tryptamine (IV) may be assigned to this vasoconstrictor principle iso- 
lated from beef serum. 

It should be mentioned that, besides the necessity for assuming the 
presence of water of crystallization, one other property of the substance 
is not in accord with the proposed structure, and that is the failure to ob- 
tain a red or violet color with ninhydrin-sodium acetate. This reaction 
is positive with tryptamine and most other primary amines. However, 
the evidence against a secondary amine formed from the available atoms 
is much stronger, namely, the presence of only 1 N-methyl group in the 
complex (1), which must be attributed to the creatinine, and the rate and 
intensity of color formation in the Hopkins-Cole reaction. The color 
development is exceptionally slow and the intensity very weak with gram- 
ine (III),* but they are comparable to that of tryptophan with serotonin. 

Since a chemical method for the specific determination of serotonin is, 
at present, one of the most pressing problems connected with its further 
study, attention may be called to a property characteristic of this sub- 
stance which may well serve as the basis for such a method. As can be 
seen from Fig. 2, the absorption of light at 3230 A increases sharply 
raising the pH to 11.6. The location of this maximal increase, displaced 


as it is from the position of protein and other commonly encountered | 


absorptions, as well as its dependence on pH should make it possible to 
determine serotonin specifically in amounts greater than 10 y. 
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In the interest of simplicity, a further revision in nomenclature is pro- 
posed. The trivial name serotonin should be reserved for the pharmaco- 
logically active indole base. The complex would then be serotonin crea- 
tinine sulfate, and the second derivative, reported in this paper, serotonin 
picrate. 


The serotonin creatinine sulfate used in this study was isolated in the 
laboratories of the Cleveland Clinic Foundation. The author wishes to 
express appreciation to Dr. Irvine H. Page for permission to retain this 
material. Grateful acknowledgment is also made to Dr. Hans T. Clarke 
for helpful discussions and assistance with the preparation of this manu- 
script. 


SUMMARY 


The crystalline vasoconstrictor substance isolated from beef serum has 
been shown to be a complex composed of equimolar parts of creatinine, 
sulfuric acid, and an indole derivative. The latter was converted into 
its picrate, analysis of which confirmed the empirical formula CyH,O.N2 
obtained by deducting creatinine (C,H;ON;) from the formula of the 
complex (C14H2,03N;). Evidence based on color reactions and ultraviolet 
absorption spectra indicates the presence of a 5-hydroxyindole nucleus 
in the structure. The constitutional formula of 5-hydroxytryptamine 
(CpH»ON2) has been tentatively proposed for this active principle. 

A recommendation has been made to reserve the name serotonin for 
this indole amine rather than the previously isolated complex. 

The basis for a simple specific method to determine serotonin by ultra- 
violet absorption spectrophotometry has been suggested. 
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FORMATION OF CREATINE IN VITRO FROM METHYL 
PHOSPHATE AND GUANIDOACETIC ACID* 


By FRANCIS BINKLEY anp JEAN WATSON 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Pathology and Medicine, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, May 24, 1949) 


Methyl phosphate has been studied as a possible donor of methyl 
groupings for the formation of creatine by homogenates of liver tissue 
of rats and as a substitute for choline in the growth of rats receiving 
homocystine as the source of sulfur in their diet. It was found that 
methyl phosphate was an apparent source of methyl groupings in the 
in vitro synthesis of creatine but could not be substituted for choline in the 
diet of rats. 


EXPERIMENTAL 


Purification of Methyl Phosphate—The commercial product, methyl- 
phosphoric acid, was neutralized (to phenolphthalein) with sodium hy- 
droxide to make an approximately 10 per cent solution of the sodium salt, 
and the material was precipitated by the addition of 3 volumes of ethanol. 
The crude precipitate was dissolved with boiling in the minimum amount 
of water, filtered, and allowed to cool. After three recrystallizations the 
material was free of inorganic phosphate. The total phosphorus was 
found to be 13.6 per cent (calculated for Na,CH;PO,-4H,0, 13.6 per cent). 

Formation of Creatine from Guanidoacetic Acid—All experiments were 
conducted in Warburg flasks in an atmosphere of N2-CO2 or O2-CO2 (5 
per cent of CO, in each case). The buffer used was 0.06 m sodium bi- 
carbonate. All materials were dissolved in bicarbonate or were neutral- 
ized by passing carbon dioxide through the solution. Homogenates of 
liver tissue were prepared by grinding an iced fresh liver of a rat with 5 
volumes of the bicarbonate solution. 0.5 ml. of homogenate was used 
in all cases. Creatine was converted to creatinine and determined by the 
alkaline picrate reaction either directly on a trichloroacetic acid filtrate 
or by the procedure of Borsook and Dubnoff (1). Higher values were 
found by the latter procedure but better reproducibility could be obtained 
by the direct method. In Table I, a typical study is illustrated. It is 
seen that the formation of creatine is much greater under anaerobic con- 


* These studies were supported by a grant from the United States Public Health 
Service. 
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ditions and is augmented in the presence of citrate. Since citrate aug. 
mented the synthesis of creatine, the effect of magnesium ions was tested: 
it was found that the addition of magnesium ions greatly reduced the syn. 
thesis of creatine. As is illustrated in Table II, the effect of magnesiym 
ions was probably due to an activation of the hydrolysis of methy| 


TaBLeE I 
Formation of Creatine from Guanidoacetic Acid and Methyl Phosphate 
The creatine values, in every case, are the increment after 1 hour of incubation 
compared with a zero time digest prepared in exactly the same manner. 10 mg. of 


Na:CH;PO,-4H;O and 2 mg. of guanidoacetic acid were present, as indicated, ing 
total volume of 3.5 ml. 











Creatine formed 
Digest Activator ee 
| N2-CO2 0+-C0; 
| mg. me 
PENI 55 57 5 ice Ucandive swe s 0.00 | 0.00 
* + guanidoacetic...... 0.00 | 0.0 


“ 


+ methyl phosphate. ......| 0.01 0.0 
+ guanidoacetic + methy]| 


“ 


IRS HEA « Gh Peck Mawes dace lees 0.12 | 0.01 
ES Ca eee oe ee | Citrate (0.01 m) 0.28 | 0.02 


YO Rn, ERE a a aan oF MgCl. (0.001 “) 0.03 | 0.04 





TasB.e II 
Hydrolysis of Methyl Phosphate and Formation of Creatine 
The conditions were the same as in Table I. 


! | 
‘ . Creatine | Inorganic 
Digest | Activator formed | phosphate 


| a 





mg. mg. P 
NN 25 UAE Seas s heats ia cbeen!e 0.00 | 0.03 
o + methyl phosphate...... 0.00 0.29 

“ + “ “ + 
guanidoacetic acid................... 0.10 | 0.21 
ED aiick pea eee eae se es .........| Citrate (0.01 m) 0.23 | 0.02 
PP SERS LOPS TEE Ohi his ewe aden | MgCl, (0.001 oO 0.02 | 0.7% 





phosphate. There was, of course, a corresponding increase in the car 
bon dioxide released from the buffer. 

In Table III, a comparison of the activities of a homogenate and of 
an extract of liver tissue is given. The extract was prepared from the 
homogenate by high speed centrifugation. It is seen that an extract 8 
active in the formation of creatine from guanidoacetic acid and methyl 
phosphate. 
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Feeding Experiments—Methyl phosphate was given to growing white 
rats in lieu of choline. The diet contained amino acid mixture (2) 27.4 
gm., DL-homocystine 0.6 gm., cod liver oil 5.0 gm., sucrose 40.0 gm., 
and Spry 27.0 gm., and the water-soluble vitamins were given as described 
earlier (2). DL-Methionine, when added, was given in lieu of homocystine 
at the level of 0.8 gm. per 100 gm. of diet. Methyl phosphate was given 
as a neutralized solution at the rate of 100 mg. per day. In the experi- 


Tas.e IIT 
Comparison of Homogenate and Extract in Formation of Creatine 


Conditions as in Table I; N2-CO2 atmosphere with methyl phosphate and guani- 
doacetic acid in each digest. 

















Digest 0.01 m citrate Creatine formed 
| ¥! | i me. 
Ns ss oi 4.8 seas sa by eee Rae eres: -- | 0.14 
Re cece eee eee resaenesdesessl _ 0.09 
Ee rer eee + 0.21 
RS 5. x dsiain's Ha ace sia echoes bareeiaers + 0.17 
TaBLE IV 
Growth of Rats Receiving Methyl Phosphate 
Animal No, bw | Days Addition to diet | phot os Growth 
om | | bans | em. per day | gm. per day 
Bl ? | 61 1-12 | Methionine | 4.7 +3.2 
Bo 69 , 1-5 - , “4 +4.0 
6-12 + methyl phosphate 4.7 +1.0 
BB 9 | 70 1-12 | Choline 4.1 | 41.7 
| 13-18 | None 3.5 | +0.2 
| 19-24 | Methyl phosphate 3.0 | —1.6 
BT Q 65 1-5 | None 3.2 —1.0 
6-12 | Methyl phosphate 4.1 —0.2 
| “ “ 4 0 


12-18 


(injected) —1.1 


ments in which the methyl phosphate was injected a neutralized sterile 
solution was injected intraperitoneally. This study is summarized in 
Table IV. A litter of eight rats was used and the results with the second 
animals did not differ significantly from the animals reported here. 

It is apparent from these studies that methyl phosphate will not substi- 
tute for choline in the growth of rats receiving homocystine as their source 
of sulfur. There was an indication that methyl phosphate in the diet 
was quite toxic; the growth of animals receiving methionine was depressed 
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by the administration of methyl phosphate. Methyl phosphate, however 
exerts a peculiar acute toxicity when injected intraperitoneally. As littl 
as 2 mg. of the material was sufficient to render the animals comatog 
The animals recovered from doses as large as 25 mg., but after repeatej 
injection became cyanotic in appearance. 


DISCUSSION 


It is of considerable interest that methyl phosphate appears to be utilized 
in the formation of creatine from guanidoacetic acid by homogenate 
or extracts of liver tissue of rats. The formation of creatine appear 
to be dependent upon the integrity of the methyl phosphate, for formation 
is reduced when the material is undergoing enzymatic hydrolysis and when 
oxygen is available for its oxidation by the tissues. 

The failure of methyl phosphate to substitute for choline in the growth 
of white rats receiving homocystine as their source of sulfur can be con- 
sidered as almost incontrovertible evidence that the methyl phosphate 
is not utilized normally in transmethylation processes. It is not the 
intention of the authors to dismiss methyl phosphate merely because of 
the toxicity when it is injected into the intact animal, but until the detail 
of the transmethylation are known, it is difficult to consider the results 
with methyl phosphate as more than an artifact. 


SUMMARY 


Methyl phosphate has been found to be active in the formation of 
creatine from guanidoacetic acid by liver tissue of rats. Methyl phos 
phate will not substitute for choline in the growth of white rats receiving 
homocystine as the sulfur of their diet. 
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PREPARATION OF TRIPHOSPHOPYRIDINE NUCLEOTIDE* 


By G. A. LEPAGE anp GERALD C. MUELLERt 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison) 


(Received for publication, May 26, 1949) 


The report of Warburg et al. (1) on the isolation of triphosphopyridine 
nucleotide (coenzyme II, TPN) from blood cells is, so far as we know, the 
only published method for preparing this coenzyme. One of the labora- 
tories most actively engaged in work with TPN enzymes is using this 
method essentially unchanged, except that their source material is liver 
rather than blood cells... While this procedure results in preparations 
of high purity, it is relatively complex and difficult and the yields are low, 
because of the frequency of steps with 60 to 70 per cent recoveries. In 
several trials of this method! we were able to confirm the results reported. 

Some earlier work on the preparation of diphosphopyridine nucleotide 
(DPN) (2) demonstrated that charcoal adsorption was useful as a purifi- 
cation step for this nucleotide. Through tests on charcoal adsorptions of 
TPN, a simplified method for the preparation of pure TPN has been 
developed. In this method, the TPN in heat-inactivated water extracts 
of pork liver is adsorbed on charcoal and eluted with a water solution of 
pyridine, the crude TPN being chromatographed on charcoal. Finally, 
pure material is obtained through the solution of the TPN in acid-methanol 
and precipitation with ethyl acetate, a step from the method of Warburg 


| at al. (1). 


EXPERIMENTAL 


Facilities Required—In addition to the usual facilities of a chemical 
laboratory a power-driven meat grinder is needed. A high capacity (12 
pounds per minute) model manufactured by the Toledo Scale Company 
was used in this study and also a pressure filter manufactured by the 
Sparkler Filter Company, though the latter is not essential and can be 
replaced by use of Biichner funnels and water-operated suction pumps. 


| If the isolation is to be carried out on a large scale, large sized vessels are 
| Tequired. Cheap, galvanized steel ash-cans of 15 to 30 gallon capacity 


are very satisfactory. 


*This work was supported, in part, by a grant from the American Cancer Soci- 


ety, on the recommendation of the Committee on Growth of the National Research 
Council. 


t National Cancer Institute Postdoctoral Fellow. 
‘Personal communications from Dr. Santiago Grisolia and Dr. Severo Ochoa. 
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Assay—In this study it was necessary to have an assay method speeifie 
for TPN. This was accomplished by use of a preparation of glucose. 
phosphate dehydrogenase (Warburg’s Zwischenferment). The enzyme was 
prepared by a method essentially the same as that of Warburg and Chris. 
tian (3). A slurry of bottom yeast, obtained from a brewery, was washed 
three times by suspension in distilled water and filtration each time in g 
pressure filter. It was then broken up and spread in a thin layer ing 
fan-equipped drier and was air-dried at 30-35° for 48 hours. 

400 gm. of this dried yeast were suspended in 1200 ml. of distilled 
water and allowed to autolyze for 10 hours at 37°. The suspension was 
then centrifuged, and about 300 ml. of supernatant were obtained. 0f 
this a 150 ml. batch was diluted to 1500 ml. with distilled water and chilled 
to 0°. The solution was saturated with CO, by bubbling the gas through 
it for 30 minutes. The resulting sediment was removed by centrifugation 
at 0° and discarded. The supernatant fluid was diluted to 15,000 ml, 
with CO,-saturated distilled water at 30°. This solution was allowed to 
stand at 30° for 30 minutes, then left at 0° overnight. A precipitate 
formed, the supernatant fluid was decanted and discarded, and the precipi- 
tate centrifuged. This precipitate contained the desired dehydrogenase, 
It was dried in vacuo over P,O;. The yield was 1.0to1.5gm. Specificity 
was demonstrated by incubation with 1.0 mg. of an 80 per cent DPN 
preparation made by the method of LePage (2). No absorption was 
obtained at 340 my. Glucose-6-phosphate was prepared from starch 
by use of a rabbit muscle preparation, according to the procedure of Fantl 
and Anderson (4), modified to include a 5 hour hydrolysis of the sugar 
phosphates at 100° in 1 n HCl. The glucose-6-phosphate was precipitated 
as the barium salt with alcohol, decolorized with charcoal, and reprecipi- 
tated with alcohol. 

Assays for total TPN and DPN were carried out by the hydrosulfite 
reduction method described by LePage (2) for DPN. When pure TPN 
preparations were obtained, hydrosulfite assays of these agreed with results 
obtained by using the glucose-6-phosphate dehydrogenase. Measur- 
ments of DPN, when present, were obtained by difference. 

For use, 60 mg. of the enzyme preparation were homogenized in 10 ml. 
of 0.1 per cent NaHCO; and left at room temperature 20 minutes. The 
insoluble residue was centrifuged and the resulting slightly opalescent 
fluid used. This solution retained its activity for at least 1 week when 
stored at 0°. 

TPN concentrates were, if not already in solution, made up in water 
as 0.15 to 1.0 per cent solutions and 0.1 to 0.3 ml. aliquots were used for 
each test. The sample was mixed with 0.4 ml. of 0.045 m glucose-- 
phosphate, 0.5 ml. of fresh 1 per cent NaHCOs, 0.10 ml. of enzyme solution, 
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and water to make 3.0 ml. This was mixed and incubated at room temper- 
ature 10 minutes (equilibrium was reached in approximately 5 minutes for 
200 y of TPN or less); then absorption was read at 340 my in a Beckman 
quartz spectrophotometer against a blank containing all reagents except 
the glucose-6-phosphate. A separate correction (very small) could be 
made for absorption caused by the latter. The TPN content of the 
sample was calculated with the constant of Warburg (5) (EZ = 5.65 X 
10° sq. cm. per mole). In our experimental conditions we multiplied op- 
tical density by 396 to obtain micrograms of TPN per sample. 

When batches of pork liver of 5 to 50 kilos were run in this study, the 
same yields and purity were obtained regardless of batch size. The 
process is described for an exemplary batch. This adheres to the findings 
as to yield and purity at the various stages obtained in a large number of 
separate experiments, several of which were run with the final and com- 
plete procedure. 

Isolation Procedure —A 15 kilo batch of pork liver (eight livers) was 
obtained directly from the packing-house killing floor as soon after slaughter 
as available (approximately 20 minutes) and packed in chopped ice. It 
was transported to the laboratory as soon as possible (30 minutes). The 
meat grinder was set up over a 15 gallon can containing 15 liters of water 
at 90-100° with steam flowing into the water rapidly from a supply 
line (30 pounds pressure). The liver was weighed and run through the 
grinder directly into the hot water as rapidly as possible (5 to 7 minutes) 
with stirring of the water during the addition. When all the liver had 
been added (temperature now 80-90°), heating of the suspension was 
continued until the pink color, evident when a little of the suspension was 
dipped up in a beaker, disappeared and for 5 minutes thereafter. Then 
chopped ice and cold water were added to the vessel with stirring to make 
a final volume of approximately 60 liters, with the temperature at 25-35°. 
The suspension was filtered through cheese-cloth and the solid matter 
pressed as free of liquid as possible and discarded. An ordinary mop- 
squeezer was found to be satisfactory as a press. A clear filtrate free of 
suspended meat and fat particles was obtained by filtration of the extract 
with the addition of approximately 5 gm. of Hyflo Super-Cel* per liter. 
The filtrate now had a volume of 50 liters and was at pH 6.5. Without 
any further treatment, it was put into a 15 gallon can and 225 gm. of 
Nuchar C190 decolorizing charcoal? were added. This was vigorously 
stirred with a mechanical stirrer for 15 minutes, then set aside at room 


*A filter aid supplied by Johns-Manville. 

* Obtained from the Industrial Chemical Sales Division, West Virginia Pulp and 
Paper Company, Tyrone, Pennsylvania. It is necessary to specify the “unground” 
material in ordering the Nuchar C. 
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temperature for 2 hours to settle, after which time the supernatant fluid 
was decanted and discarded, leaving 95 per cent of the charcoal as a layer 
in the bottom of the can. The charcoal was transferred to a Biichner 
funnel and washed quickly with distilled water. 

The charcoal cake was suspended in 2250 ml. of a solution of 10 pe 
cent pyridine in water (by volume) and stirred mechanically for 20 minutes, 
then filtered with suction on a Biichner funnel. The charcoal was thep 
discarded. The eluate was extracted with two successive 500 ml. portions 
of chloroform (technical grade, satisfactory). The chloroform layer was 
discarded each time. This procedure removed most of the pyridine. 
leaving the solution at approximately pH 6.3. After adjusting the pH 
to 2.0 with concentrated nitric acid, the water solution was mixed with 4 
volumes of cold acetone and left at 0° overnight (or centrifuged immedi- 
ately). In the morning the acetone solution was poured off and discarded, 
The crude nucleotides were caked on the sides and bottom of the vessel, 
and can be washed with acetone and dried if not to be used immediately, 
When dried, they contain approximately 10 per cent TPN and 20 per cent 
DPN. If the work is to be carried out immediately, the nucleotides are 
redissolved in a minimum of water (approximately 150 ml.), filtered at 
0°, and assayed for TPN. The insoluble material is discarded. The 
solution is made to 3 per cent with pyridine and is then pH 5 to 6 and 
ready to be chromatographed. This solution shows no decline in TPN 
content at least for several days at 0°. 

The columns for the chromatograms were constructed by attaching 
Pyrex glass tubes of the same diameter to fritted glass Biichner funnels of 
medium porosity. A large number of chromatograms were run with two 
sizes of these, one 21 mm., the other 46 mm. inside diameter, and the one 
with 5 times the area of the other. Since the results with these two sizes 
were identical as long as flow rates and depth of columns were the same, it 
seems likely that any size can be used. The procedure will be described 
for a 46 mm. column. 

A granular charcoal known as Nuchar C* was chosen for the chroma- 
tography. ‘The coarse material was removed by discarding matter that 
would not pass through a 40 mesh standard sieve. The material used is 
essentially all retained on a 200 mesh sieve, and the sieved material was 
acid-washed! and dried before use. 


4 150 gm. of Nuchar C, which had been sieved to obtain the material which would 
pass through 40 mesh, were suspended in 2 liters of 10 per cent hydrochloric acid 
and heated to boiling, then filtered dry on a Biichner funnel with suction. The use 
of metal equipment such as metal spatulas was scrupulously avoided. The char- 
coal cake was resuspended in 2 liters of distilled water, filtered, and the process re- 
peated. Then the cake was dried for 8 to 10 hours in an oven at 85-95". 
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Nuchar C was poured into the column dry and tamped down gently 
with a piece of filter paper on top until a 10 inch depth was obtained. 
This requires approximately 100 gm. of the charcoal. A light vacuum 
was applied at the outlet and water added to the column to displace the 
air. Asolution of the nucleotides in 3 per cent pyridine (100 to 150 ml.) 
containing approximately 5 gm. of the crude material (500 mg. of TPN) 
was poured onto the column. When this had all just entered the charcoal, 
a solution of 3 per cent pyridine in water was added, and addition of this 
continued as long as the column was in operation. A head of approxi- 
mately 3 inches of solution above the charcoal was sufficient to maintain 
the desired rate of flow (5 to 10 ml. per minute). The fluid which emerged 
from the column at first was colorless and below pH 3.0, as indicated by 


TaBLeE I 
Results of Charcoal Chromatograph to Purify TPN 


Asolution of 3 per cent pyridine was the eluant. 500 mg. of TPN were run onto 
the column in a solution also containing 1000 mg. of DPN. 


























Fraction No. Volume TPN DPN Remarks 
ml,  -A) mg. mg. ‘ep TARS 
1 | 500 0 0 Colorless pH 3 
2 | 50 1 0 a “ 4.0 
3 50 125 0 Slight color pH 6.2 
aa 50 160 0 o  @ © @g 
S| 50 130 0 << « «63 
| 50 34 O44 6: i. 
7 50 | 10 0 Colorless pH 6.2 
+ 50. | 8 | 5 a “ 62 
9 100 | 12 | 300 a <r 
| | 
Total.... 850 480 | 305* 





* The remaining DPN could be obtained by continuing the elution. 


spot plate tests with bromocresol green indicator.‘ The pH was tested 
every few minutes until it suddenly became pH 4.0 or over. The liquid 
collected up to this point was termed Fraction 1. Then collection of the 
fluid was started for Fraction 2 and cuts made every 50 ml. No TPN 


| emerged until this pH change occurred, which was usually after approxi- 


mately 500 ml. of fluid had filtered through the column. The TPN was 
present largely in the first four or five cuts after Fraction 1. This is 
illustrated in Table I. It will be noted that a 96 per cent recovery is 
obtained from the chromatogram and 90 per cent of the TPN is in Frac- 
tions 3 to 6 inclusive, which contain no DPN. 

Fractions 3 to 6 inclusive were extracted twice with 50 ml. of chloro- 
form (U.S. P.), treated with 4 ml. of concentrated nitric acid, and pre- 
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cipitated with 5 volumes of acetone at 0°. The suspension was centrifuged 
in the cold, washed with acetone, and dried in vacuo over sulfuric aeid 
The material obtained was a white preparation weighing 0.435 gm. and 
assaying 87 per cent TPN. No DPN was present. Recovery was there. 
fore 76 per cent of the 500 mg. used. An additional 6 per cent present jn 
Fractions 7 to 9 can be added to later columns. 

The following operation was carried out with cold reagents, entirely 
in a room at 0°. A 400 mg. aliquot of the above preparation (ground ing 
mortar to a fine powder) was suspended for 15 minutes, with mechanical 
stirrmg, in 250 ml. of anhydrous methanol containing anhydrous hydro. 
chloric acid (0.1 N). The suspension was filtered through a fritted glass 
funnel with suction and the filtrate precipitated with 3 volumes of anhy- 
drous ethyl acetate. The flocculent precipitate was centrifuged and dried 
im vacuo, and the supernatant discarded. The precipitate, when dry, 
was 325 mg. of white material which assayed 107 per cent TPN (by using 
Warburg constants (1)). The recovery here was 100 per cent. When 
this preparation was put in a vacuum oven for several hours under high 
vacuum at 60°, it lost approximately 4 per cent of its weight. However, 
it is apparently unable to withstand this treatment and the assay dropped 
to 85 per cent. 

Factors Affecting Yields and Recoveries—The most critical factor affect- 
ing the yield of TPN is the handling of the liver tissue. It is desirable for 
the liver to be chilled as soon as possible after the animals are slaughtered. 
Once the liver is chilled and intact, the coenzyme content is well stabilized, 
However, in experiments in which the liver was not ground directly into 
the hot water, yields were reduced 80 to 90 per cent. Destruction of the 
TPN is apparently very rapid in the ground tissue. 

On several occasions, when the heating period was evidently not suff- 
ciently prolonged, a pink color remained in the liver filtrate. Very little 
TPN was obtained in these cases. Evidently the TPN was not split off 
the protein, or was destroyed by enzymes not inactivated in the heat 
treatment. 

When the charcoal was filtered from the suspensions, a period of several 
hours was required for this operation. The added 5 per cent TPN re 
covered, over that obtained as described, was considered too small an 
amount to justify this effort. 

Tests were made to determine how much charcoal was required to ad- 
sorb all the TPN from the liver extracts and to assure that none remained 
in the filtrate. For this, two approaches were used. Aliquots of the 
filtrate were precipitated with mercuric acetate as in the procedure o 
Warburg et al. (1), and the mercury salts decomposed with hydrogen 
sulfide and tested for TPN. None was found when the specified amount 
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of charcoal had been used. A better check was obtained by use of a 
second charcoal adsorption and assay of eluates of this adsorption for 
TPN. It was established in separate experiments that added TPN could 
be completely recovered from the extracts by charcoal adsorption. 

The solubility of TPN in the acetone supernatant was tested by using a 
charcoal adsorption and testing the eluate, after it had been demon- 
strated that charcoal would adsorb TPN from 80 per cent acetone. No 
TPN was recovered, though some DPN was found present in these solu- 
tions. 

A number of charcoals were studied in order to choose the most suitable 
one for the initial charcoal adsorption from the liver extracts. This 
study was carried out by stirring 2 liter aliquots of a liver extract with 
10 gm. quantities of the charcoals for 15 minutes, filtering, and eluting 
each charcoal with 100 ml. of pyridine-water, extracting the pyridine from 


TaBLeE II 


Tests of Ability of Various Charcoals to Adsorb TPN from Aliquots of 
Liver Extract 








Charcoal sample be tg | Eluate 
mg. | 
NoritA............| 24.0 | Clear, highly colored; charcoal settled well 
weer O......... | 98 | « . ” ™ mainly floated on 
surface 
ae 31.6 | Low in color but opalescent; charcoal settled well 
e ©€is...... 18.0 | “ “ “ clear; charcoal settled fairly well 
7 ae ~ 31.6 ee ee 3 % “ well 
7a 8.7 alin an ¥ “ “ fairly well 





each with chloroform, and assaying enzymatically for TPN. The char- 
coals were evaluated in terms of three properties, clarity and color of 
eluate (an indication of purity), capacity to adsorb TPN, and ability to 
settle after suspension in the extract. On this basis, either Nuchar C190 
or Nuchar W would be suitable. The results are shown in Table II. 

With Nuchar C190, a brief study was made of the effect of variations in 
the concentration of pyridine used for elution. Three concentrations 
were tried, 5, 10, and 20 per cent pyridine (by volume) in pilot batches. 
The eluates from these three tests contained 7.7, 10.3, and 7.2 mg. of 
TPN respectively. On precipitation and drying in vacuo the preparations 
were 6.0, 8.0, and 5.9 per cent TPN respectively. The obvious choice 
was made to use 10 per cent pyridine. 

The same six charcoals were studied as to suitability for use in chroma- 
lograms, with the exception of Nuchar WA. It was necessary to use 
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approximately 60 per cent as much Hyflo Super-Cel by weight as charcoal 
in all cases, except that of Nuchar C, in the columns, as a mixture and 
suction had to be applied to the receiver to obtain adequate flow rates jn 
these cases. For all these charcoals,’ the same distribution of TPN and 
DPN was found in the eluates. However, recoveries were low (34 per 
cent) in the case of norit A and were only 72 to85 per cent with the others, 
When they were given the acid washing and drying treatment,‘ all gaye 
increased recoveries (90 to 96 per cent), and a colored impurity which 
came through with the TPN from neutral charcoals was completely 
retained. 

One lot of norit A gave low recoveries and this was not remedied by 
acid washing. One batch of TPN concentrate which had been subjected 
to a mercury precipitation, and the mercury removed as sulfide, gave low 
recoveries on chromatograms. ‘Traces of metals are therefore to be 
avoided. 

On one occasion, a liver extract was treated with charcoal and left 
overnight at 0° to settle, rather than the usual 2 hours. The eluate from 
this charcoal was highly colored and much difficulty was subsequently 
encountered in the purification of the TPN concentrate obtained. 

The TPN could be assayed by the enzymatic method with either the 
fractions obtained directly from the chromatographs, in which case 3 per 
cent pyridine was present, or the solutions from which some of the pyri- 
dine had been extracted with chloroform, since neither the pyridine nor 
the chloroform affected the enzyme appreciably. No TPN is lost in the 
chloroform-pyridine layers which are discarded, as shown by identical 
assays obtained with solutions before and after extraction. 

Studies were made of the yield of TPN obtained from beef and pork 
liver processed in identical manner. The yield in terms of TPN found 
present in the charcoal eluates was 42 mg. of TPN per kilo for pork liver 
and 32 mg. per kilo for beef liver. As a rule, pork liver is cheaper and 
more readily available. 

When the chromatographs are run with 3 per cent pyridine, the DPN 
remains on the column until the TPN is almost all eluted. However, 
the DPN can be completely recovered if more 3 per cent pyridine is run 
through the column. We chose to ignore the DPN here, since it is much 
more easily obtained from yeast (2). However, on one occasion the 
DPN was precipitated and dried, without any attempt at fractionation, 
and a white preparation obtained which assayed 70 per cent DPN. 

Some experiments conducted with yeast which had been heat-inactivated 
and filtered showed that the direct application of charcoal adsorption 
to the filtrates was equally successful with yeast. For example the filtrate 
(100 liters) from 200 pounds of yeast was treated with charcoal, as de- 
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scribed above for liver, and the charcoal eluted with pyridine. The 
eluates were extracted and the water layer precipitated with acetone. 
Material was obtained which assayed 45 per cent TPN-DPN. It con- 
tained 8 gm. of DPN and 0.6 gm. of TPN. When this concentrate was 
extracted with 0.5 N HCl in methanol and precipitated with 3 volumes of 
ethyl acetate, the TPN was destroyed and the DPN completely recovered. 
In the final step of our procedure, use was made of a phase of the method 
of Warburg et al. (1) in which anhydrous methanol containing 0.1 Nn HCl 
is used. The latter report a TPN recovery of 95 per cent. We found 
tsat recoveries were complete (100 per cent) if the whole operation was 
chrried out rapidly in a refrigerator (0°). However, even if only the 
fiatration was carried out at room temperature, recoveries dropped to 
816 per cent. 


DISCUSSION 


The procedure described here represents a considerable simplification 
compared with the methods previously available. The reagents required 
(charcoal, acetone, pyridine) are relatively cheap and the over-all yield 
of the TPN in the initial extracts is approximately 80 per cent when 
final purity is reached. The yields obtainable with the procedure formerly 
available were in the vicinity of 26 per cent. 

TPN made available by this preparative procedure has already made 
possible the discovery of a TPN-specific enzyme system involved in the 
destruction of carcinogenic azo dyes by rat liver.. It should make possible 
more wide-spread research on TPN-linked enzymes. 

The assays for TPN have all been computed with the constant used 
by Warburg (5). However, some calculations made recently by Horecker 
and Kornberg (6) indicate that pure TPN should have an extinction co- 
efficient approximately 11 per cent higher than that of Warburg. Our 
findings would seem to substantiate these calculations. It would appear 
that this is the first report in which pure TPN has actually been ob- 
tained. 


SUMMARY 


A procedure is described for preparation of pure triphosphopyridine 
nucleotide (TPN) from pork liver. This is accomplished by inactivation 
of the liver in hot water, adsorption of the TPN from the water extract 
with charcoal, elution with pyridine-water, and precipitation of the TPN 
with acetone. The preparation is further purified by chromatographing 
on charcoal and by dissolving in acid-methanol and precipitating with 
ethyl acetate. The recovery of TPN present in the liver extracts is 80 


* Unpublished data from Dr. Gerald C. Mueller and Dr. J. A. Miller. 
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per cent. Approximately 0.500 gm. of pure TPN is obtained from 15 
kilos of pork liver. 
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THE PROTEINS OF GREEN LEAVES 


lll. EVIDENCE OF THE FORMATION OF TOBACCO MOSAIC VIRUS 
PROTEIN AT THE EXPENSE OF A MAIN PROTEIN COMPONENT IN 
TOBACCO LEAF CYTOPLASM* 


By SAM G. WILDMAN, C. C. CHEO,+t ano JAMES BONNER 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, May 24, 1949) 


One of the remarkable properties of a leaf infected with tobacco mosaic 
virus is the unusually large amount of virus protein which appears as a 
consequence of the infection. Some weeks after inoculation, 25 per cent 
or more of the total protein in tobacco plants can be directly isolated as 
crystalline virus protein (1, 2,7, 10). This massive synthesis of virus pro- 
tein is, however, accomplished without a significant change in either the 
total or the soluble nitrogen content of tobacco plants (8). In fact, virus 
formation occurs even in detached and darkened leaves (13), conditions 
under which protein hydrolysis normally predominates (5). Virus multi- 
plication must occur therefore at the expense of preexisting and normal 
nitrogenous constituents of tobacco leaf protoplasm. 

What, then, are the leaf constituents which are utilized in virus synthe- 
sis? Recent work on the protein constituents of the leaf (14, 15) makes 
it possible to attempt to obtain an experimental answer to this question. 
The cell-free protoplasm of leaves can be divided into three distinctly dif- 
ferent types of nitrogenous materials: (1) The soluble, low molecular 
weight, nitrogenous constituents such as amino acids, amides, etc. (2) 
The particulate matter, consisting of the nucleus, chloroplasts, and any 
other as yet unknown materials of a similar particulate nature. It is 
estimated that 90 to 95 per cent of the particulate matter in spinach leaf 
protoplasm consists of chloroplasts. Because of the large particle sizes 
involved, the particulate matter is separated readily from other leaf pro- 
teins by moderate centrifugal fields. (3) The soluble proteins of the leaf 
cytoplasm; the cytoplasmic proteins. These proteins are not sedimented 
even by centrifugal fields up to 43,000 X g for 2 hours. It is thus pos- 
sible simply and quantitatively to extract the protoplasm of leaf tissue 
and to separate the protoplasm into particulate and soluble cytoplasmic 


* The work was supported by a grant from The National Foundation for Infantile 
Paralysis, Inc. We are grateful to Miss Jean Campbell for the Tiselius electrophore- 
sis determinations. 

f Assistant Pathologist, College of Agriculture, Tsinghua University, Peiping, 
China. 
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protein. It should therefore be feasible to determine whether either the 
particulate matter or the soluble proteins of the cytoplasm bear a rela. 
tion to the formation of virus protein. 

The cytoplasm of spinach leaves, which has been studied in detail (14, 
15), consists of two protein constituents, one of which, Fraction I protein, 
makes up approximately 75 per cent of the total cytoplasmic proteins, 
This protein contains bound purine, pentose, and phosphorus (15) and is 
hence a nucleoprotein. Purified Fraction I protein is electrophoretically 
homogeneous and has a molecular weight, as indicated by osmotic meas. 
urements, in excess of 200,000. 

Frampton and Takahashi (6) have shown by electrophoretic analysis 
that a new cytoplasmic protein appears in tobacco leaves after the leaves 
are infected with tobacco mosaic virus. This new protein component 
appears to be the virus itself. In the present communication, it will be 
shown that tobacco leaves contain a main protein component in the cyto- 
plasm analogous to that already described from spinach leaves. Quan- 
titative chemical and electrophoretic analyses of the cytoplasmic proteins 
of healthy and virus-infected leaves strongly suggest that virus protein 
is synthesized at the direct expense of this normal protein. 


Methods and Materials 


Plants—Young Nicotiana tabacum plants, variety Havana 38 or Turk- 
ish Samsun as indicated, were used in these experiments. Seeds were 
supplied through the courtesy of Dr. E. E. Clayton of the United States 
Department of Agriculture, Beltsville, Maryland. The plants were indi- 
vidually grown in pots containing washed sterilized sand, and were 
supplied with Hoagland’s complete nutrient solution including micro ele- 
ments. They were protected from contamination in an insect-free green- 
house with the usual aseptic precautions. In comparative experiments, 
plants as uniform as possible were chosen. 

Virus—Common tobacco mosaic virus 1, obtained through the courtesy 
of Professor James Johnson of the University of Wisconsin, was used to 
infect tobacco plants by the carborundum technique. 

Fractionation of Leaf Protoplasm—The methods (14) found useful for 
the fractionation of spinach leaf protoplasm were only slightly modified 
for use with tobacco leaves. At all times during the fractionation of the 
leaf protoplasm, an effort was made to keep the temperature as close to 
0° as possible and to work rapidly. The following method was used 
throughout this study both for healthy and virus-infected leaves. 

All leaves were clipped from the stems except for the top clusters which 
were omitted from the analysis, since they had been used to infect some 
of the plants with virus. The petioles and midribs were removed and 
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discarded so that essentially only the parenchymatous cells of the leaves 
were analyzed. The leaves were weighed, stacked on top of each other, 
and two leaf disks removed from each leaf with a cork borer. This repre- 
sentative aliquot was weighed, frozen, dried by lyophil, again weighed, 
and used to estimate the total dry matter contained in the original leaf 
sample. 

The remainder of the leaves was rapidly sliced into approximately 
1 sq. cm. pieces, and then ground in an Eppenbach colloid mill. The mill 
was started circulating with 150 ml. of ice-cold potassium maleate buffer, 
pH 6.9. It is essential to use a solution buffered near the neutral point 
in order to prevent precipitation of the cytoplasmic proteins. In the 
absence of buffer, a pH of about 5 is rapidly attained upon grinding 
tobacco leaves in water, which is sufficient to cause a considerable iso- 
electric precipitation of the cytoplasmic proteins. Enough leaves were 
added to the buffer to produce a thick slurry, which was then freed of 
cell walls and unbroken cells in a basket centrifuge lined with sharkskin 
filter paper. 

The cell-free protoplasmic juice which passed through the paper was 
returned to the mill and used in grinding more leaves. This process was 
repeated until all of the leaves were ground and the protoplasmic contents 
of the cells dispersed into solution. The concentrated juice was finally 
passed through two thicknesses of sharkskin filter paper to insure com- 
plete removal of all cell walls. The final pH of the juice was 6.7. The 
residues remaining on the paper were dried and weighed. Since the total 
amount of dry matter was ascertained from the aliquot, it was possible 
to calculate the total amount of dry matter dispersed as a cell-free juice. 
In all instances, 60 to 65 per cent of the total dry matter was found in the 
cell-free juice. Since about 10 per cent of the original dry matter con- 
sisted of insoluble cellulose, it is evident that more than 65 per cent of 
the leaf cells was ruptured by the colloid mill treatment, with consequent 
extraction of their protoplasmic contents as a cell-free juice. 

The filtered and concentrated protoplasmic juice was immediately 
frozen with the aid of a dry ice-methyl cellosolve bath. This freezing 
treatment results in aggregation of the particulate matter so that when 
the suspension is thawed, the particulate matter can be completely sedi- 
mented by centrifuging for 1 hour at 5000 X g. The sediment was dried 
and the dry weight taken to represent the total particulate matter of the 
protoplasm. The clear brown supernatant was distributed into 1 inch 
Visking casings which were placed before a fan until the contents were 
reduced to about one-third of their original volume, usually about 25 ml. 
of concentrated juice per 100 gm. of fresh leaf tissue. The content of 
total cytoplasmic proteins was about 3 per cent. After tying off the sacs 
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to prevent excessive dilution, the concentrated protein solution was 
dialyzed with mechanical stirring for 48 hours against two separate 2 lite 
portions of buffer. The total amount of cytoplasmic proteins in the 
sample was ascertained from an aliquot, and the protein after dialysis was 
rapidly frozen and stored at —16° until it was used for electrophoresis 
analysis. Freezing produced no apparent deleterious effect on the pro. 
teins since, when thawed, the protein solution remained perfectly clear. 
Protein determinations were made either by drying or by trichloroacetic 
acid precipitation as described previously (14). 


Phosphate Buffer 


Cacodylate Buffer 


Fic. 1. Comparison of the electrophoretic behavior of Havana tobacco leaf cyto- 
plasmic proteins in phosphate and cacodylate buffer. 1.0 per cent solutions of total 
proteins in buffer of 0.1 ionic strength, pH 6.9. Migration time, 180 minutes at 
15 ma. Arrows indicate positions of starting boundaries. Right, ascending; left, 
descending. 


Electrophoresis—Through the courtesy of Dr. S. Swingle of the Chemis- 
try Department of this Institute, cytoplasmic proteins were examined in 
a modified Tiselius electrophoresis, moving boundary, apparatus with the 
Longsworth scanning device (12). Conventional, double length analyti- 
cal cells were used. Before analysis, the proteins were previously dia- 
lyzed against a 0.0233 m cacodylic acid buffer which was brought to pH 
6.9 and a total ionic strength of 0.1 by the addition of 0.02 m NaOH and 
0.08 m NaCl. This univalent ionic buffer gave much more satisfactory 
resolution of cytoplasmic protein mixtures than phosphate or a buffer 
such as potassium maleate. With phosphate buffer for example, anoma- 
lous 6 boundaries were encountered such as are illustrated by Fig. 1, where 
it can be observed that a pronounced boundary at the original protein 
buffer interface is still present even after the cytoplasmic protein mixture 
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had been allowed to migrate for 3 hours. However, in the presence of 
cacodylate at the same pH and ionic strength as phosphate, a normal 
spreading of the starting boundary was found after the protein mixture 
had migrated for 3 hours. Cacodylate buffer was therefore used in all 
subsequent electrophoresis experiments. 

In comparing the cytoplasmic proteins obtained from healthy and 
virus-infected leaves, analysis was performed in paired electrophoresis 
cells at identical total protein concentrations. Both samples therefore 
received the same treatment as far as current, migration time, etc., were 
concerned. ‘The proteins were usually allowed to migrate for 2 or 3 hours 
with a current of 15 ma. At pH 6.9, this time of migration was adequate 
for the separation of virus protein from the normal protein of tobacco 
leaf cytoplasm. 


EXPERIMENTAL 


Electrophoretic Analysis of Cytoplasmic Proteins of Healthy Tobacco 
Leaves—Cytoplasmic proteins were prepared, as described above, from 
two varieties of Nicotiana tabacum, Havana 38 and Turkish Samsun, and 
from Nicotiana glutinosa. After removal of the particulate matter, the 
cytoplasmic proteins were examined in a Tiselius electrophoresis appa- 
ratus, and tracings made from the scanning patterns are presented in 
Fig. 2. The three preparations are strikingly similar in that each appears 
to contain a protein component comprising 75 per cent or more of the 
total cytoplasmic proteins. Even after 3 hours migration at 15 ma. in 
cacodylate buffer, pH 6.9, there is no evidence of electrophoretical in- 
homogeneity in the principal component in any preparation. The simi- 
larity of these cytoplasmic protein spectra to spinach cytoplasm is further 
augmented by the presence of minor protein components which, in the case 
of Havana and Turkish tobacco, appear as faster moving components 
than the main protein, while with N. glutinosa, the minor component 
moves more slowly. Therefore, it can be concluded that tobacco leaves 
are closely similar to spinach leaves as far as the general protein spectrum 
of the normal cytoplasm is concerned. 

An indication of the experimental error involved in this type of quanti- 
tative protein analysis is shown by the data in Table I. Two sets of 
fourteen Havana tobacco plants were separately analyzed for total par- 
ticulate proteins and total cytoplasmic proteins by the methods described 
above. The data show that, on a dry weight basis, the amount of par- 
ticulate protein isolated from the two sets of leaves agreed within 6 per 
cent, while the amounts of total cytoplasmic proteins agreed within 5 
per cent. In order to exaggerate any differences in the ratio of total 
particulate proteins to total cytoplasmic proteins which might result from 
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insufficient grinding of the leaf cells, the second sample was ground to a 


lesser extent in the colloid mill than the first. However, on a dry weight 
basis, the yield of the two constituents was essentially the same and the 


| X 480 minutes ‘. ‘ | i 180 minutes | 
| | 120 minutes | & | } 120 minutes | 


N. glutinosa Havana 
| | 120 minutes | | 
Turkish 


Fia. 2. Electrophoretic patterns of the cytoplasmic proteins of different tobacco 
leaves. Cacodylate buffer of 0.1 ionic strength, pH 6.9. Current, 15 ma. 1.0 per 
cent solutions of Havana tobacco and N. glutinosa proteins; 1.3 per cent solutions 
of Turkish tobacco proteins. Right, ascending; left, descending. 


TABLE I 
Duplicate Analysis of Total Particulate Proteins and Total Cytoplasmic Proteins 
of Havana Tobacco Leaf Protoplasm 
Leaves analyzed in March. 























{ { ' a 
Mg. per gm. dry weight 
} of leaves 
Fresh weight Per cent dry Per cent dry ‘# 
Sample No. analyzed weight weight extracted Tbe 
Total Total | 
| | particulate cytoplasmic 
proteins proteins 
gm. 
1 323.3 | 10.05 63 .4 148 84 
2 | 283 .3 10.02 54.5 158 80 








ratios were unchanged. Evidently, these methods can be used here quan- 
titatively to detect changes in either the particulate or the cytoplasmic 
constituents of the leaf as a result of virus multiplication. 
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Electrophoretical Character of Cytoplasmic Proteins Obtained from 
Healthy and Virus-Infected Tobacco Leaves—In December, 1948, two sets 
of thirty-three Havana tobacco plants were chosen for uniformity and 
arranged for experimental use. One set of plants was inoculated with 
tobacco mosaic virus; the other set was kept as a virus-free control. The 
top two leaves only of each plant were inoculated with a crude prepara- 
tion of virus by means of the carborundum technique. The plants were 
approximately 1.5 months old, averaged about 12 inches in height, and had 
eight to ten well expanded leaves. 13 days after inoculation, all but the 
top cluster of leaves from each set of plants were removed and analyzed 
for particulate protein and soluble cytoplasmic protein. The only evidence 
of virus infection in the inoculated leaves at this time was the appearance 


TABLE II 


Effect of Tobacco Mosaic Virus Infection on Total Protein Composition of Havana $8 
Tobacco Leaves 


December, 1948; leaves analyzed 13 days after inoculation. 





























| | Mg. per gm. dry weight | 
Fresh Dry welamt of leaves pe pon 
ae ° : extracte of virus 
Condition of leaves Pon ae Dry weight as cell-free youl | Toul protein in 
juice | particulate |cytoplasmic cytoplasm 
proteins proteins 
gm. gm. per cent per cent 
RE reer e 477 31.3 64.8 160 109 0 
Virus-infected.......... 463 35.5 64.5 150 | 113 37 





of a slight amount of vein clearing in the leaves which had been used for 
inoculation, but which were not included in the protein analysis. Other 
than these very mild symptoms, the control and infected leaves gave every 
appearance of being alike. 

The results of the protein analyses are given in Table II together with 
the electrophoretic scanning patterns of Fig. 3. From Table II it is evi- 
dent that the weights of the two lots of leaves were closely similar and, 
more important, that the same proportion of dry matter, 65 per cent, was 
dispersed as a cell-free protoplasmic juice. Similarly, the amount of par- 
ticulate matter contained in the leaf protoplasm of virus-infected leaves 
was closely similar to the amount contained in the healthy leaves. The 
total amount of cytoplasmic proteins in the two instances was also nearly 
the same. Therefore, it can be concluded that there had been no great 
change in either the total amount of protein of the leaf protoplasm or the 
distribution of particulate protein compared to the cytoplasmic protein 
as the result of 13 days infection with virus. 

However, electrophoretic analysis of the soluble cytoplasmic protein 
contained in the healthy and virus-infected leaves showed that a profound 
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change had occurred in the physical properties of the proteins as a result 
of infection. As shown in Fig. 3, a new and distinctly different. protein 
had appeared. Since the concentration of total protein used for electro. 
phoresis was in both instances the same, it is possible to compare amounts 
by planimeter measurements (4), and this comparison shows that 37 per 
cent of the total cytoplasmic protein of the virus-infected leaf consists 
of the new component. Correspondingly, the virus-infected leaf pos. 








Virus 
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NORMAL 


Fic. 3. Comparison of the electrophoretic behavior of the total cytoplasmic 
proteins obtained from normal and virus-infected Havana tobacco leaves. 1.0 per 
cent solutions of total proteins. Conditions the same as in Fig. 2. Migration time, 
180 minutes. Right, ascending; left, descending. 


sessed 37 per cent less normal protein than the non-infected leaf. It can 
also be observed that the mobility of the normal protein in ‘both kinds of 
leaves was the same, but that the new component in the virus-infected 
leaves migrates more rapidly than the main protein. 

Two facts suggest that the new component is indeed virus protein simi- 
lar in properties to the virus previously isolated in crystalline condition 
(11). In the first place, the narrowness of the faster moving peak sug- 
gests a protein of very high molecular weight, which consequently diffuses 
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during the time of electrophoresis at a much slower rate than the normal 
protein. Secondly, if the protein mixture is allowed to migrate for 6 
hours, sufficient separation of the virus protein from the normal protein 
oecurs so that it is possible to remove the faster moving virus component 
with little or no contamination by the normal protein. When tested on 
N. glutinosa, the new component produced local lesions at high dilu- 


| tims in a manner characteristic of crystalline tobacco mosaic virus 
preparations. 
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Fic. 4. Comparison of the electrophoretic behavior of the total cytoplasmic 
proteins obtained from normal and virus-infected Turkish tobacco leaves. 0.8 per 
cent solutions of total proteins. Migration time, 180 minutes. Other conditions 
the same as in Fig. 2. Right, ascending; left, descending. 





The data in Table II show the total amount of cytoplasmic proteins 
found in a kilo of fresh leaves. Since in the virus-infected leaves 37 per 
cent of the total cytoplasmic proteins is the new virus component, calcu- 
lation reveals that 3.2 gm. of virus protein per kilo of fresh leaves are 
present 13 days after inoculation. This yield compares favorably with 
those previously reported by others (3, 7). 

Experiments similar to that of Table II and Fig. 3 have been carried 
out on five separate occasions, and the results in every instance suggest 
that the appearance of tobacco mosaic virus protein is related to the 
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disappearance of a corresponding amount of the normal protein of to. 
bacco leaf cytoplasm. For example, the experiment was repeated in 
January, 1949, with another set of Havana tobacco plants, except that 
the leaves were harvested 5 days after inoculation. Even with this short 
time of incubation after inoculation and in complete absence of symptoms 
suggestive of virus infection, electrophoretic analysis indicated that about 
20 per cent of the normal protein had disappeared and a corresponding 
quantity of the new virus component had appeared. The rapidity of 
virus protein formation will be brought out shortly in connection with 
another experiment. When the experiment was repeated with Turkish 
tobacco leaves, approximately 35 per cent of the main protein component 
contained in these leaves had disappeared in favor of virus protein 14 
days after infection, as shown in Fig. 4. 








ViRUS NORMAL 


Fic. 5. Comparison of the electrophoretic behavior of the minor protein com- 
ponents of Havana tobacco leaf cytoplasm obtained from normal and virus-infected 
leaves. 1.5 percent solutions of total proteins. Migration time, 60 minutes. Other 
conditions the same as in Fig. 2. Ascending boundaries. 


The scanning pattern illustrated by Fig. 5 shows that virus formation 
does not seem to occur at the expense of the cytoplasmic proteins other 
than the main protein. 1.5 per cent solutions of normal and virus- 
infected Havana tobacco cytoplasm were allowed to migrate for 1 hour. 
At this increased protein concentration and shorter period of migration, 
some of the proteins comprising Fraction II (14) of cytoplasm can be 
observed as fast moving components. However, they are present to 
about the same extent in both samples, even though 37 per cent of the 
total cytoplasmic protein in the virus-infected leaves represents virus 
protein. Evidently, there is not only insufficient protein in this fraction 
to account for the observed synthesis of virus protein, but there is also 
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no evidence that the quantity of the protein mixture has been signifi- 
cantly decreased as a consequence of virus formation. 

Formation of Virus Protein As Function of Time after Inoculation— 
Turkish tobacco plants, approximately 1.5 months old, were divided into 
seven groups of fifteen plants each. The experiment was performed in 
January, 1949. A terminal leaf of each plant was inoculated with a crude 


2 days 
| 

4 days 8 days 
| 


| 12 days 


Fia.6. Time course of virus protein formation in the cytoplasm of Turkish tobacco 
leaves. 1.0 per cent solutions of total proteins. Migration time, 120 minutes. 
Other conditions the same as in Fig.2. Descending boundaries. 





16 days 


ag 





20 days 


= 


preparation of tobacco mosaic virus. With the exception of the top 
cluster of leaves, all of the lower leaves of fifteen plants were removed 
2, 3, 4, 8, 12, 16, and 20 days after inoculation. The soluble cytoplasmic 
proteins of each sample were isolated and examined for the presence of 
Virus protein by the Tiselius electrophoresis method. For comparative 
purposes, 1.0 per cent solutions of total cytoplasmic proteins were allowed 
to migrate for 120 minutes at 15 ma. in cacodylate buffer, pH 6.9. The 
results of electrophoresis are shown in Fig. 6. 
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No new component was detected in the leaves removed 48 hours after 
inoculation, but the unmistakable appearance of a new component in the 
cytoplasm of leaves removed 3 days after inoculation is evident. There 
was a@ progressive increase in the quantity of the new component as the 
length of time after inoculation increased up to the 12th day, when about 
40 per cent of the total cytoplasmic proteins consisted of virus protein, 
Virus protein formation then appeared to level off and there was no fur- 
ther increase in the amount of the new component when the leaves were 
analyzed 16 and 20 days after inoculation. Simultaneously with the ap- 
pearance of the new component, there was an equivalent decrease in the 
amount of the normal protein of the cytoplasm, and this reciprocal rela- 
tionship obtains during the entire course of the experiment. 


TABLE III 
Effect of Tobacco Mosaic Virus Infection on Total Protein Composition of Havana 38 
Tobacco Leaves 
April, 1949. 





) A = —— 


Mg. per . dry weight 


__ | Dry weight of leaves Virus pro- 
Canfinion ot teaves | Bogie | Dey lat ectncted o#|-——____-—__ ua 

juice particulate cytoplasmic protein 
a a. pero: |S ROR eee PE seth, Lendl 

| percent | per cent per cent 
Mormal..........<....+. | | w.o | 648 | 146 | 87 
Virus-infected.......... | 5 | 10.8 | 64.4 | 144 | 80 0 
| | 900 ) (Ears (sy 
Virus-infected.......... m! 9) thé | C7). Be a 84 20 
ee | 11.2 | 64.1 161 70 


Virus-infected.......... 17 12.4 | 64.4 146 78 40 





It should be noted again that maximum virus protein formation oc- 
curred in leaves which gave no outward signs of virus infection except 
slight symptoms indicative of virus in the inoculated leaf 12 days after 
infection, but it will be recalled that this leaf and closely adjacent leaves 
were not included in the analysis. 

The time experiment was repeated in April, 1949, with Havana tobacco 
plants approximately 12 inches high, having about twelve leaves per plant. 
Growth at this season of the year was rapid, as evidenced by the rapid 
expansion of the young leaves compared to the slow growing conditions 
encountered in the December experiments. As before, a single terminal 
leaf was inoculated with a crude virus preparation, but this leaf was not 
included in the subsequent protein analyses. 

96 plants were divided into three sets of thirty-two plants each. One- 
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half of the plants was inoculated with virus; the remainder was kept as 
virus-free controls. 5, 12, and 17 days after infection, the lower leaves 
were removed from one set of virus-infected and one set of control plants 


and the leaves analyzed for total particulate and total cytoplasmic pro- 
teins. The cytoplasmic proteins were investigated for the presence of 


5 days infection 


12 days infection 


tol 


17 days infection 








Fre. 7. Time course of virus protein formation in the cytoplasm of Havana tobacco 
leaves. 1.0 per cent solutions of total proteins. Migration time, 120 minutes. 
Other conditions the same as in Fig. 2. Right, ascending; left, descending. 


virus protein by electrophoretic analysis. No characteristic symptoms 
of virus infection were detected until 14 days after inoculation. On the 
17th day, symptoms were apparent on the younger leaves of all of the 
infected plants. The results of the protein analysis are presented in 
Table III and in the scanning pattern tracings in Fig. 7. 
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Virus protein formation was not as rapid in this experiment as in the 
previous experiment with Turkish tobacco, but by the 12th day after 
infection, it is evident that virus protein constitutes about 20 per cent of 
the total cytoplasmic proteins, while by the 17th day, 40 per cent of the 
total cytoplasmic proteins consists of virus protein. The data of Table 
III show that no significant change in total amount of cytoplasmic pro- 
teins occurred during the time of this experiment irrespective of whether 
the leaves were infected with virus or not, even though it is evident from 
electrophoresis that 12 and 17 days after inoculation the cytoplasm con- 
tained substantial amounts of the new virus protein which was absent 
from the control leaves. There is asmall and probably insignificant change 
in the total particulate proteins as between virus-infected and healthy 
leaves, but the fact that the virus-infected leaves still contain the same 
amount of particulate matter on the 17th day after infection as on the 
5th day strongly suggests that virus protein formation does not occur at 
the expense of the chloroplasts or other particulate materials. The data 
in Tables II and III could be interpreted as showing a slight reduction in 
particulate matter during virus protein formation. However, the reduc- 
tion is no greater than that anticipated by the data in Table I, where the 
amounts of particulate matter from two sets of healthy leaves are com- 
pared, but the experimental errors inherent in this type of analysis are 
still large enough to make a positive statement impossible with the pres- 
ent data. 

Evidence has already been presented that the minor protein compo- 
nents of cytoplasm do not change markedly during virus protein synthe- 
sis. It seems reasonable to draw the conclusion that virus protein is 
formed principally at the expense of the main protein component of 
tobacco cytoplasm. 


DISCUSSION 


The electrophoresis experiments described above seem to establish two 
facts concerning the formation of tobacco mosaic virus protein in Turkish 
and Havana tobacco leaves. (1) Virus protein formation is a process 
which appears to be completed in the parenchymatous cells of leaves 
about 2 weeks after inoculation of a terminal leaf. (2) Virus protein 
appears to be formed at the expense of a normal protein already present 
in the cytoplasm of tobacco leaves. 

The formation of tobacco mosaic virus protein as a function of time 
after inoculation was investigated by Stanley (10) shortly after he suc- 
ceeded in isolating the virus in crystalline condition. Virus was isolated 
from expressed leaf juice at weekly intervals after inoculation, and it was 
found that the amount of virus protein which could be isolated reached 
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a maximum about 6 weeks after infection. At first sight, these results 
seem to be at variance with the conclusions reached above. A proper 
evaluation of the discrepancy can be achieved, however, by a considera- 
tion of the different extraction methods and different tissues used for 
analysis. In Stanley’s experiments, the entire aerial portion of the plant 
was frozen and passed through a meat grinder, and the juice expressed 
from the ground pulp by pressure. His data show that less than 25 per 
cent of the total nitrogen contained in the tissue was actually recovered 
in the juice in the sample analyzed 1 week after inoculation. Such a low 
recovery doubtless indicates that many cells were left unruptured by the 
grinding process. This method is to be contrasted with the grinding pro- 
cedure used here in which it has been shown that extraction of about 
75 per cent of the total leaf nitrogen is achieved (14). Chibnall (5) has 
shown that intact cell walls act as ultrafilters, and although soluble small 
molecular constituents can be expressed from tissues whose semipermea- 
bility has been destroyed by freezing, etc., the proteins are nevertheless 
largely retained within the cell. The fact that the first samples of sap 
analyzed by Stanley were essentially free of trichloroacetic acid-precipi- 
table protein, and were not heavily charged with green color, suggests 
again that only relatively small amounts of leaf cell protoplasm were 
extracted as cell-free juice. With the methods used here, the cell-free 
extract is not only intensely green in color, but it also gives voluminous 
precipitates when trichloroacetic acid is added to the extract. It is 
therefore possible that the delayed appearance and relatively slow in- 
crease in Virus protein in juice expressed in Stanley’s experiments may be 
attributed to incomplete grinding of the leaf tissue. Secondary factors 
operative in the diseased plants over long periods apparently increase the 
ease with which the virus may be recovered, although secondary increases 
in virus content perhaps in tissues other than the parenchyma of the leaves 
may also be involved. 

The fact that formation of virus protein in leaf cells under our condi- 
tions seems to reach a maximum about 12 to 14 days after inoculation of 
apical leaves makes much of the previous work on the mechanism of 
virus formation of doubtful significance, because most studies have gen- 


| erally utilized plants which were inoculated some 2 to 3 weeks before the 


investigation (9). The same criticism can be made of experiments in 


| which virus formation is explained on the basis of transformation of the 
| chlorophyll protein (17). Since maximum virus synthesis can be achieved 


before changes in chlorophyll protein can be detected, it is probable that 
any subsequent disappearance of chlorophyll is a secondary result of 
derangement of the cytoplasm by virus. The main protein component 
in spinach cytoplasm is an enzyme having to do with phosphorus metabo- 
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lism, and there is evidence that the normal protein of tobacco cytoplasm 
performs this same function. If a large portion of this protein were 
replaced by a metabolically inactive protein, e.g. virus, unable to fulfj 
this réle in the normal cellular metabolism, wide-spread secondary effects 
on the physiology of the plant might become manifest, such as mainte. 
nance of chloroplastic protein level, as well as the ultimate stunting of the 
infected plants. 

Since virus protein appears to be made at the expense of the normal 
protein in tobacco cytoplasm, the question remains as to how much of g 
change has occurred when the normal protein is transformed into virus 
protein. Does the change involve extensive breakdown followed by a 
new and constitutionally different synthesis of virus protein, or is the 
transformation process more direct, perhaps involving only a polymeriza- 
tion of the protein? Comparison of the amino acid and nucleic acid 
contents of the two proteins, the extent of cross reaction between the 
antibodies formed from the virus and the normal protein,! and compara- 
tive analysis of the phosphorus relationships of the two proteins (16) 
should be useful properties in deciding between the alternatives expressed 
here in their extreme forms. 


SUMMARY 


Evidence is presented suggesting that tobacco mosaic virus protein is 
synthesized in Turkish and Havana tobacco leaf cells at the expense of a 
normal nucleoprotein found in the cytoplasm of the leaf cells. Virus 
protein can be detected by electrophoretic methods 3 days after inocula- 
tion of apical leaves and progressively increases in amount in the lower 
leaves up to the 12th day after inoculation. The process of virus synthe- 
sis appears to reach a static level about 12 days after infection. There is 
a simultaneous and proportional decrease in the normal nucleoprotein as 
virus protein is formed. 


BIBLIOGRAPHY 


_ 


. Bawden, F. C., Plant viruses and virus diseases, Waltham (1943). 

. Bawden, F. C., and Pirie, N. W., Proc. Roy. Soc. London, Series B, 123, 174 
(1937). 

. Bawden, F. C., and Pirie, N. W., Brit. J. Exp. Path., 27, 81 (1946). 

. Bull, H. B., Physical biochemistry, New York (1943). 

. Chibnall, A. C., Protein metabolism in the plant, New Haven (1939). 


me CO bo 


on 





1 Antibody reagents for both normal protein and virus now under study are 
found to cross-react with the heterologous antigens. The nature and significance 
of these cross-reactions are being investigated. Owen, R. D., and Wildman, 8. G., 
unpublished. 








© 


ll. 
12. 
13. 
14. 
15. 
16. 
17. 





lasm 
were 
fulfil 
fects 
Linte- 
f the 





ormal 
. of a 
Virus 
by a 
s the 
eriza- 
; acid 
n the 
\para- 
3 (16) 
ressed 


tein is 
xe of a 

Virus 
.ocula- 

lower 
yuthe- 
here is 
tein as 





123, 174 


—_ 


udy are 
nificance 
n, 8. G., 








ona 


S. G. WILDMAN, C. C. CHEO, AND J. BONNER 1001 


_ Frampton, V. L., and Takahashi, W. N., Arch. Biochem., 4, 249 (1944). 

. Gaw, H. Z., Arch. ges. Virusforsh., 8, 347 (1947). 

Martin, L. F., Balls, A. K., and McKinney, H. H., Science, 87, 329 (1938). 
. Spencer, E. L., Plant Physiol., 16, 663 (1941). 

10. 
ll. 
12. 
13. 
14. 
15. 
16. 
17. 


Stanley, W. M., J. Biol. Chem., 121, 205 (1937). 

Stanley, W. M., Am. J. Bot., 24, 59 (1937). 

Swingle, S., Rev. Sc. Instruments, 18, 128 (1947). 

Takahashi, W. N., Phytopathology, $1, 1117 (1941). 

Wildman, S. G., and Bonner, J., Arch. Biochem., 14, 381 (1947). 

Wildman, S. G., Campbell, J. M., and Bonner, J., Arch. Biochem., in press. 
Wildman, 8. G., Campbell, J. M., and Bonner, J., J. Biol. Chem., 180, 273 (1949). 
Woods, M. W., and DuBuy, H. G., Phytopathology, 31, 978 (1941). 




















I] 





| 
| 
| 











METABOLIC FUNCTIONS OF BIOTIN 
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(From the Departments of Biochemistry and Physiological Chemistry, 
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In Paper II of this series (1), it was shown that the biotin-deficient 
rat fixes less CO: into tissue arginine than does the normal rat. Since 
the synthesis of urea in the body represents one of the most active CO--fix- 
ing reactions and since arginine is one of the intermediates of the Krebs- 
Henseleit (2) cycle, it seemed of interest to investigate the influence of 
biotin deficiency on this system. While the stage of CO, fixation was 
clearly indicated from the Krebs-Henseleit scheme, the actual demonstra- 
tion of CO, fixation in the synthesis of urea was first reported with the 
use of isotopic carbon in liver slices (3, 4). A more detailed study of 
the fixation of CO, in the synthesis of urea by cell-free systems confirmed 
the fact that CO. was fixed in the over-all step ornithine — citrulline (5). 
It therefore was decided to determine the relative activity of the enzyme 
system catalyzing the synthesis of citrulline from ornithine in the livers of 
biotin-deficient and normal rats. The effect of pair feeding the controls, 
the effect of added biotin in vivo and in vitro, and the effect, in vitro, of added 
sources of the presumed biotin coenzyme were also studied. 


EXPERIMENTAL 


The animals used in the following experiments were weanling male albino 
rats of the Sprague-Dawley strain. The casein control ration consisted 
of the following: alcohol-extracted casein 18, sucrose 72.5, corn oil 5, and 
Salts IV (6) 4.5 parts. Vitamins were added in the following amounts 
per 100 gm. of ration: thiamine 30 y, riboflavin 60 +, niacin 200 y, pyridox- 
ine 30 , calcium pantothenate 300 7, p-aminobenzoic acid 500 y, biotin 
| y, folic acid 2.5 y, inositol 10 mg., and choline 20 mg. 2 drops of 
haliver oil were administered weekly. Animals were raised on two defi- 
cient rations, one of which contained 18 parts of dried raw egg white 
substituted for casein (Ration A), and the other 18 parts of casein plus 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the United States Public 
Heaith Service (RG 313). We are indebted to Dr. E. L. Sevringhaus and Dr. 8. H. 
Rubin of Hoffmann-La Roche, Inc., for generous supplies of biotin and O-heterobiotin. 
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13 parts of dried raw egg white added at the expense of the sucrose 
(Ration B). Other constituents of the deficient rations were the same 
as the casein control ration, with the omission of biotin. Rats fed def- 
cient Ration A generally did not survive beyond 10 weeks, while those fed 
deficient Ration B survived for much longer periods. The main group 
of control animals was raised on the casein diet and was pair-fed with 
biotin-deficient rats. 

A second control group, consisting of animals pair-fed with the deficient 
rats on Ration A, was fed the same egg white-containing ration but was 
injected intraperitoneally with 50 y of biotin on alternate days. A third 
control group received similar injections but was fed the deficient Ration 
A ad libitum. Riboflavin and vitamin Be-deficient animals were raised on 
the casein control diet with the omission of riboflavin and pyridoxine, 
respectively. 

For experimentation, the animal was decapitated and the liver quickly 
removed and chilled. It was homogenized in sufficient cold isotonic KC| 
to make a 20 per cent suspension. The twice washed residue of the liver 
homogenate was then prepared as described by Cohen and Hayano (7). 

All incubations were carried out in Warburg flasks at 37° for 20 minutes, 
with air as the gas phase. Two levels of the same washed residue suspen- 
sion were tested. These were 0.3 ml. and 0.5 ml., generally containing 
5 to 6 mg. of nitrogen per ml. The final substrate concentrations were 
L-ornithine 0.0025 m, t-glutamic acid 0.038 m, NaHCO; 0.005 m, NHC 
0.005 m, MgSO, 0.004 m, adenosine triphosphate 0.002 m, phosphate buffer, 
at pH 7.15, 0.012 m, and KCl to bring the medium to isotonicity. The 
total volume was 4.0 ml. After 20 minutes incubation, 10 ml. of 1 n HCl 
were added to stop the reaction. The contents of the flasks were heated 
3 minutes in a boiling water bath, and the insoluble protein filtered off. 
Citrulline was determined colorimetrically on the filtrate according to the 
method of Archibald (8), as employed by Cohen and Hayano (9). The 
results are expressed as micromoles of citrulline formed per mg. of washed 
residue nitrogen. 

A heated extract was prepared from both biotin-deficient and casein 
control rat livers, according to a method previously described (10). 

Heated residue was also prepared from both biotin-deficient and casein 
control animals. The washed residue of liver homogenate was prepared 
in the usual manner and the final suspension of 20 per cent residue in KCl 
was heated 10 minutes in a vigorously boiling water bath. After cooling 
it was rehomogenized and stored at 0° until used. 


Results 


The effect of a biotin deficiency upon the synthesis of citrulline by washed 
residue of rat liver homogenate is shown in Table I. There was no signifi- 
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val TABLE I 
pie Effect of Biotin Deficiency upon Citrulline Synthesis by Rat Liver Homogenates 
defi- : Days | ote itrulli } 
» fed Ration fed on ome Weight of rat anual Mean oun stenteee 
Troup gm. pM 
With | Casein pair-fed control | 15 | 77 1.22 | 1.27+0.14 
pees ee 120 1.09 | 
cient | | ae 162 0.40 
‘an | 35 | 135 1.29 
third | 45 | 172 1.47 
: 53 | 204 1.70 
ation | | 37 | 181 0.76 
don | | 58 193 1.83 
xine, | | 65 146 2.25 
| 66 194 0.42 
ickly | 71 212 1.26 | 
~ | 175 205 1.45 | 
KCl | 190 225 1.35 | 
liver Biotin-deficient Ration} 61 224 1.26 | 1.28 + 0.09 
7). At + injected biotin, 69 217 1.15 
utes, pair-fed i Core 199 1.45 | 
° | Biotin-deficient Ration A 19 60 0.81 | 0.48 + 0.07 
rpert | 24 60 0.36 | 
ewe b 30 59 | 0.65 | 
were | 32 115 | 0.45 
THC] | 45 157 | 0.90 
uffer, | 48 92 | 0.38 
The | 53 159 | 0.21 
ae 57 114 | 0.42 | 
. HCl 58 149 | 0.59 | 
leated | 59 134 0.15 | 
xd off. 64 90 0.34 | 
boy the 71 126 0.45 
The Biotin-deficient Ration B 29 127 0.65 | 0.66 + 0.05 
| 35 151 0.89 
ashed | 65 151 0.53 | 
| 169 204 0.39 
casein 171 194 0.72 
| 190 247 0.56 
“a Natural stock ration ad 200— 400 1.23 | 1.43 + 0.23 
eames | libitum 2.24 
spared | 0.88 
n KCl | | | 1.72 
cooling | | | 0.78 
| 2.18 | 
| | 1.03 | 





* Each value represents the average of two experiments. 
vashed t These rats were last injected 3 hours before being used. 


signifi- 
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cant difference in rate of citrulline synthesis between animals pair-fed the 
casein control diet and those pair-fed the deficient diet with intraperitoneal 
injection of 50 y of biotin on alternate days. Further, the rates of syn. 
thesis in these two groups did not differ significantly from the rate in those 
animals receiving a natural stock diet ad libitum. However, the rate of 
citrulline synthesis by washed liver residue from both biotin-deficient 
groups was decreased about 50 per cent below that of the controls. Since 
the individual values in all the groups varied over a considerable range, 
the data of the two control groups and the two deficient groups were pooled 
in order that the difference between the means of the two groups and the 
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Fic. 1. Influence of tissue concentration upon citrulline synthesis by the washed 
residue of normal and biotin-deficient rat liver homogenates. 


standard error of this difference could be calculated. The difference be- 
tween the groups is 0.74 + 0.16, and since this difference exceeds 3 times 
its standard error, it is statistically significant.! 

The relationship between the rate of citrulline synthesis and tissue con- 
centration is shown in Fig. 1. Within the range of tissue concentration 
studied a linear relationship is apparent. However, in the case of the 
washed residue from the biotin-deficient rat, it is to be noted that not only 


1 These were calculated as follows: 
End? 


N-1 





Standard deviation, s = + 





a 
Standard error of the mean, e(M) = + TN 


Standard error of difference between two means, «(D) = ++/<(M,)? + eM.) 
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is the slope smaller but also the curve does not pass through the origin, 
suggesting a dilution effect. 

Table II shows the effect of the injection of biotin into biotin-deficient 
rats. 2 hours after the injection of 100 y of biotin, the rate of citrulline 
synthesis is not appreciably altered, and after 3 hours it is increased only 
slightly above the average for the deficient group on Ration A, Table I. 
However, when a deficient rat was given two injections 21 hours apart, 
the rate of citrulline synthesis was normal 3 hours after the second injection. 
In a single animal, oxybiotin (O-heterobiotin) appeared not to affect the 
rate of citrulline synthesis 3 hours after injection. 


TABLE II 


Effect of Biotin Injection in Vivo on Citrulline Synthesis by Biotin-Deficient Rat 
Liver Homogenates 





| Timeof | | er 
| Substance injected Citrulline 


Ration fed | ese aed per mg. N 
} hrs. | pM 
Biotin-deficient Ration A.. 2 100 y biotin | 0.46 
~s sas par Speaks. 3 100 “ _ 0.74 
- SE ER ree aaa 24,3 OS 1.75 
“ OY SS hoe See | 2 | 100 “ oxybiotin 0.41 
Casein pair-fed control.............. | 3 





| 100 “ biotin 2.22 


* Each value represents the average of two experiments. 


In preliminary experiments with control animals which had been receiv- 
ing injected biotin on alternate days, it appeared that the time of the last 
injection of biotin influenced the level of citrulline synthesis. If the animal 
had not been injected for 48 hours, the level of citrulline synthesis was 
lower than normal and it seemed probable that the excess avidin in the 
gastrointestinal tract was lowering the level of biotin in the tissues. For 
this reason a systematic study of the effect of the time of injection of biotin 
upon the rate of citrulline synthesis was carried out. 

The effect of varying the time of injection of biotin on the rate of citrul- 
line synthesis in rats fed the deficient Ration A ad libitum and injected 
with 50 y of biotin on alternate days is given in Table III. The rate ap- 
parently dropped slightly as the time after injection increased from 2 to 
24 hours, although it is doubtful whether these differences are significant. 
The drop after 48 hours was very marked, however. It would appear from 
these results that ingested avidin can remove biotin from the tissues or 
that a continuous supply of the vitamin must be available to the tissue to 
maintain the normal enzyme activity. 

When 80 y of biotin were added to the incubation flasks, there was no 
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stimulation of the rate of citrulline synthesis by the deficient rat liver, ag 
can be seen from Table IV. The heated extract from deficient rats did 


TaBLeE III 
Effect of Time of Biotin Injection upon Citrulline Synthesis by Biotin-Injected Control 
Rat Liver Homogenates 











Ration fed Time of = prior Citrulline per mg. Nt 

hes. . uM ee 
Biotin-deficient Ration A ad libitum + 24,3 1.51 
50 y biotin on alternate days 2 1.37 
3 1.21 
4 1.03 
12 0.87 
24 | 0.93 
48 | 0.55 








* Each animal was given 100 y of d-biotin at the time indicated. All the animals 
had received their last regular injection of 50 y of biotin 48 hours prior to being used 
for experimentation. 

+ Each value represents the average of two experiments. 


TaBLeE IV 


Effect of Added Biotin, Heated Extract, or Heated Residue upon Citrulline Synthesis 
by Normal and Biotin-Deficient Rat Liver Homogenates 





Micromoles citrulline per mg. N* 
































- Biotin added Heated extract added per Heated residue added 
Liver from per flask flask per flask 
| 9 | 87 | © | gefetent| controt | ° — | Scidtent | conte 
Biotin-deficient rats | 0.46 | 0.47 0.46 | 0.47] 0.87 
0.57 | 0.49 0.57 | 0.50} 0.85 
0.15 | 0.13] 0.20 | 
0.30} 0.29] 0.33 
0.78 | 0.67 | 0.83 
Casein pair-fed con-| 1.40; 1.20 1.40 | 1.12| 1.21 
trol rats 0.77 | 0.72} 0.75 
1.25} 1.19| 1.21 | 
| 1.01 | 0.89 | 0.95 | | 
Stock rat 2.24| 2.25! 2.2% 





* Each value represents the average of two experiments. 


not stimulate citrulline synthesis in either the deficient or the control liver 
homogenates, nor did the heated residue of the deficient rat liver. How- 
ever, the heated extract from control animals may have caused a very slight 
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stimulation of deficient liver homogenates, and heated residue from control 
liver homogenates caused a considerable stimulation of citrulline synthesis by 
the deficient rat liver. The rate of citrulline synthesis by the control rat 
liver was not stimulated by either of these control liver preparations. 

The effect of a riboflavin and a pyridoxine deficiency was also investi- 
gated, with the results shown in Table V. Neither deficiency had any 
effect on the rate of citrulline synthesis. 


TABLE V 


Effect of Riboflavin and Pyridoxine Deficiency upon Citrulline Synthesis by Rat 
Liver Homogenates 

















Ration fed Ph el Weight of rat Sa 
gm. pM 
Riboflavin-deficient. ...................004. 62 110 1.12 
fe Re ee eee 62 103 1.56 
Pereeemime-Ceficient. oo. oon. oss cces pnsseees 70 49 1.21 
e oy nacagasa ae <li Oe ae 73 105 1.39 
a eae ig tcc es ae 73 90 1.08 
Pyridoxine pair-fed control................. 70 46 0.88 





* Each value represents the average of two experiments. 


DISCUSSION 


Information about the basic metabolic disturbances in a biotin deficiency 
is still very incomplete. It was shown in 1942 that biotin-deficient rat 
livers have a lowered rate of pyruvate and lactate utilization (11, 12). 
Later it was suggested that biotin might function as a coenzyme of CO, 
transfer (13). It has been demonstrated that aspartate can partially re- 
place biotin for the growth of certain microorganisms (14, 15), and later 
studies showed that biotin was required for the fixation of CO: into the 
carbon chain from which the aspartate was formed (16-18). Other evi- 
dence points to a lowered malate oxidative decarboxylase and oxalacetate 
decarboxylase in biotin-deficient turkey livers (19). Paper II of this series 
presented data which indicate that the biotin-deficient rat is less capable 
of fixing CO, into a number of tissue components than is the normal rat 
(1). One of these compounds is arginine, which takes part in the Krebs- 
Henseleit urea cycle. 

The data presented in this paper indicate that one reaction in the urea 
cycle which may be limiting in the biotin-deficient rat is the conversion of 
ornithine to citrulline. This step has been shown to involve at least two 
reactions in Neurospora (20) and evidence has been presented by Cohen 
and Grisolia (21) which supports the réle of carbamyl-L-glutamate as an 


wees 











1010 METABOLIC FUNCTIONS OF BIOTIN 


intermediate in the system. Investigations are being carried on at the 
present time with carbamyl-L-glutamate in an attempt to locate more 
specifically the site of action of biotin. 

Neither paired feeding procedures nor deficiencies of riboflavin or vita. 
min Bg decreased the rate of citrulline synthesis. Partial inanition is there. 
fore not responsible for the lower rate of synthesis by the biotin-deficient 
rat liver. The deficient rat apparently regains the normal ability to syn- 
thesize citrulline 24 hours after being given an intraperitoneal injection of 
100 y of biotin. This was a much more rapid recovery than the subsequent 
increase in food intake and disappearance of skin and neuromuscular symp- 
toms. The rapidity with which injected biotin becomes effective in in- 
creasing the rate of citrulline synthesis is reminiscent of the speed with 
which added biotin caused a measurable uptake of CO, by cells of Lacto- 
bacillus arabinosus grown on a low biotin medium (18). 

Free biotin added in vitro has proved ineffective in reversing the lowered 
respiration and pyruvate utilization of the cardiac muscle of biotin-deficient 
ducks (22) or in stimulating cell-free extracts of the aspartic deaminase of 
Escherichia coli (23), although in the latter case a stimulation was obtained 
when adenylic acid was added with the biotin to a freshly prepared enzyme 
system. The results of this investigation show that free biotin is also in- 
effective in reversing the lowered rate of citrulline synthesis of the biotin- 
deficient rat liver. The stimulation obtained with heated residue, however, 
provides additional evidence for the suggestion of a biotin coenzyme. It 
should be pointed out, nevertheless, that neither the evidence presented 
here nor any published at the time of this writing precludes the possibility 
that biotin may have a less direct function than that of a coenzyme in the 
several enzyme systems affected by a biotin deficiency. 


SUMMARY 


The synthesis of citrulline from ornithine by the washed residue of biotin- 
deficient rat liver homogenates is decreased about 50 per cent below that 
of pair-fed controls. The low rate of synthesis by the deficient liver may 
be increased by the addition, in vitro, of a heated residue of normal rat 
liver homogenate. It is increased to normal within 24 hours by treating 
the deficient animal with 200 y of biotin given as two intraperitoneal in- 
jections. Dietary deficiencies of riboflavin or vitamin Bs, did not affect 
the rate of citrulline synthesis by washed liver residue. 
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3-SUBSTITUTED THIOPHENES 


IV. SYNTHESIS OF g-3-THIENYLALANINE AND ITS ANTAGONISM TO 
PHENYLALANINE IN THE RAT* 


By ROGER G. GARST, E. CAMPAIGNE, anp HARRY G. DAY 


(From the Department of Chemistry, Indiana University, Bloomington) 
(Received for publication, May 11, 1949) 


Barger and Easson (1) synthesized 8-2-thienylalanine and attempted to 
determine its metabolic fate in animals. Recently investigations of its 
“antiphenylalanine” effect have been reported by several investigators 
(2-5). Du Vigneaud and coworkers (2) demonstrated that the compound 
strongly inhibits the growth of Saccharomyces cerevisiae, but experiments 
with rats were inconclusive. Thompson and Wilkin (5) showed that 
6-2-thienylalanine inhibits the multiplication of the vaccinia virus in 
chick embryonic tissues, and that the toxicity of the thiophene derivative 
is neutralized by phenylalanine but not by methionine. In view of the 
obvious value of 8-2-thienylalanine in metabolic studies, it was felt that 
8-8-thienylalanine should also be prepared and studied. A method of 
synthesis was announced (6) almost simultaneously with a report by 
Dittmer (7), who described a more elaborate synthesis and some of the 
metabolic effects of 8-3-thienylalanine on Saccharomyces cerevisiae and 
Escherichia coli. In the report, Dittmer indicated that 8-3-thienylalanine 
is amore potent phenylalanine antagonist than §-2-thienylalanine. 

Since a study of phenylalanine antagonism in the rat seemed desirable, 
it was necessary to prepare a large amount of the §-3-thienylalanine. 
To accomplish the latter an effort was made to improve the synthesis of 
the antimetabolite. 


Synthesis of B-3-Thienylalanine 


The improved synthesis of 8-2-thienylalanine reported by Dittmer, 
Herz, and Chambers (4) suggested a convenient synthesis of the 3 isomer. 
Certain modifications of the reaction were necessary, however. A flow 
sheet of the synthesis is given in Fig. 1. Since 3-thenyl bromide (8) is 
unstable and is a powerful lacrimator, it was found easiest to use the com- 
pound as the crude carbon tetrachloride solution without further distil- 


* Taken from a thesis submitted by Roger G. Garst to the Faculty of the Gradu- 
ate School in partial fulfilment of the requirements for the degree of Master of 
Arts, January, 1949. 
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lation. This gives higher yields of 3-thenylacetamidomalonic ester (IJ) 
than distilled 3-thenyl bromide, but the melting point is abnormal.’ 
Dittmer et al. (4) hydrolyzed 2-thenylacetamidomalonate directly to the 
free amino acid in 67 per cent yield with hydrobromic acid. Unfortunately 
this useful method cannot be employed on 3-thenylacetamidomalonate. 
since thiophenes which have both a positions free are extremely unstable 
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Fic. 1. Synthesis of 8-3-thienylalanine 





in acid solution, and polymerize to green tarry substances. Alkaline 
hydrolysis proceeded normally (9), saponifying the ester groups and leaving 


‘The melting point of diethyl 3-thenylacetamidomalonate was previously re- 
ported as 90-91° (6). When 3-thenyl bromide in carbon tetrachloride is allowed to 
react with sodioacetamidomalonic ester, the product melts from 121-130°. Melting 
ranges of mixtures of the two sets of crystals are intermediate. Analyses of the 
higher melting compound are in agreement with the formula CuHisO;NS, and hydrol- 
ysis leads to the same compounds. Allotropism does not seem to be involved, for 
recrystallization from various solvents did not change the melting range. The 
presence of diethyl 2-bromo-3-thenylacetamidomalonate was impossible, since the 
compound did not contain halogen. The reason for the increase in the melting range 
when undistilled 3-thenyl bromide in carbon tetrachloride is used as the reagent is 
not clear. 











—- m gs 2 oc 


CS a. ee 2 


a ak here fee eee Oe 





(IIT) 


) the 
ately 
nate, 
table 


caline 
aving 


ly re- 
ved to 
elting 
of the 
ydrol- 
.d, for 

The 
ce the 
range 
rent is 











R. G. GARST, E. CAMPAIGNE, AND H. G. DAY 1015 


the acetamido group unchanged until decarboxylation was effected. To 
avoid the accumulation of salts which complicate purification of the amino 
acid, either 3-thenylacetamidomalonic acid (IV) or preferably its less 
soluble decarboxylation product, N-acetyl-8-3-thienylalanine (V), was 
isolated from acid solution. Decarboxylation of the diacid (IV) in water 
required boiling for about 2 hours. Boiling for 10 minutes and then 
evaporating on a steam bath decarboxylated only an eighth of a sample, 
as shown by alkali titration. 

The hydrolysis with barium hydroxide, as used previously (6), gave 
much lower yields than hydrolysis with sodium hydroxide, probably 
because of loss in removing the precipitated barium sulfate. The final 
hydrolysis of the N-acetyl-8-3-thienylalanine was accomplished by heat- 
ing with sodium hydroxide. Following this, the solution was concentrated 
and the pH was adjusted to approximately 6 with hydrochloric acid. 
The precipitated amino acid was recrystallized from water. In this way 
an over-all yield of 39 per cent of 8-3-thienylalanine, based on acetamido- 
malonic ester, was obtained. 

Preparation of Diethyl 3-Thenylacetamidomalonate (IIT); (a) from Distilled 
8-Thenyl Bromide—3-Thenyl bromide was prepared from 177 gm. (1.0 
mole) of N-bromosuccinimide, as described by Campaigne and LeSuer 
(8) and distilled at 70-100° per 2mm. This highly lacrimatory oil was 
added directly to an alcoholic solution of sodioacetamidomalonic ester 
prepared from 43.4 gm. (0.2 mole) of acetamidomalonic ester, and the 
mixture was refluxed for 3 hours. After filtering off the sodium bromide, 
the alcohol was removed by distillation, the oily sludge which remained 
was triturated with petroleum ether, and the white crystals were filtered 
and dried. In this way 52.1 gm. (83 per cent) of crude III were obtained. 
A sample recrystallized once from 50 per cent ethanol and once from 200 
volumes of water melted at 90-91°. 


CuH»O;NS. Calculated, 8 10.23; found, S 9.99 


(b) From Crude 3-Thenyl Bromide in Carbon Tetrachloride Solution—A 
solution of 3-thenyl bromide in carbon tetrachloride was prepared by adding 
a mixture of 17.8 gm. (0.1 mole) of N-bromosuccinimide and 1.0 gm. of 
benzoyl peroxide batch-wise to a refluxing solution of 11 ml. (0.11 mole) 
of 3-methylthiophene in 50 ml. of carbon tetrachloride, cooling the mixture 
and filtering the succinimide. (The above modification of the bromina- 
tion procedure (8) is much more rapid and seems to give higher yields.) 
The carbon tetrachloride solution was added directly to an alcoholic 
solution of 0.05 m sodioacetamidomalonic ester. A precipitate of sodium 
bromide appeared immediately, and after warming for 10 minutes, the 
solvents were removed by distillation and the residual mixture was steam- 
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distilled for several hours to remove oily impurities. About 50 ml. of 
water were allowed to accumulate in the distilling flask, which on cooling 
deposited 15.6 gm. of reddish solid. After being treated with activated 
carbon and recrystallized from ethanol, 11.7 gm. (75 per cent) of white 
crystals were obtained which melted from 100-115°. Recrystallization 
from 200 volumes of water gave white needles melting from 120-—130°, 
This melting range was unchanged by recrystallization from dilute acid, 
dilute base, benzene, or 50 per cent ethylene glycol. 


Calculated, S 10.23; found, S 10.18 


3-Thenylacetamidomalonic Acid (JV)—In a covered beaker, 6.3 gm. 
(0.02 mole) of III (either Preparation a or Preparation b above gave 
similar yields) and 20 ml. of 10 per cent sodium hydroxide were mixed 
to a paste and let stand at room temperature for 24 hours, or until solution 
took place. The solution was filtered, cooled in ice, and neutralized with 
10 ml. of 12 n hydrochloric acid, keeping the temperature below 20° to 
prevent decarboxylation. The precipitate thus obtained was collected, 
washed with water, and dried. In this way 4.3 gm. (84 per cent) of IV 
were obtained, which melted with the evolution of gas at 137°. 


CisHnOsNS. Calculated. S 12.46, neutral equivalent 128.6 
Found. “1258, “ « 131.8° 


N-Acetyl-B-3-thienylalanine (V)—In a flask, 5.15 gm. (0.02 mole) of 
IV and 50 ml. of water were boiled for 2 hours, and then the solution was 
evaporated to near dryness over a steam bath with an aspirator to remove 
vapors. After cooling, the precipitate was collected, washed with a little 
cold water, and air-dried. There were obtained 3.6 gm. (84 per cent) 
of white crystals, melting at 140-144°. An analytical sample was re- 
crystallized seven times from 10 volumes of water before achieving a 
melting point of 148-149°. 


C,Hn0O;NS. Calculated. S 15.03, N 6.57, neutral equivalent 213.2 
Found. apts, Ue, . = 213.7 


V may be obtained directly from III without isolating IV, but in this 
case the alkali must be exactly neutralized with acid before boiling to 
prevent loss of the acid-labile thiophene derivative. 

B-3-Thienylalanine (VI)—A mixture of 4.3 gm. (0.02 mole) of V and 
40 ml. of 2.5 nN sodium hydroxide was heated for 5 hours and allowed to 
evaporate to 20 ml. The cold solution was then titrated with 12 n hydro- 
chloric acid till brom thymol blue was acidic, but Congo red was alkaline 
(pH between 5 and 7). After storage for 24 hours in a refrigerator, the 
crystals were collected and washed with ethanol and ether. This produced 
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2.3 gm. (67 per cent) of 8-3-thienylalanine, which melted with decompo- 
sition at 265-267°. 


C;H,O.NS. Calculated, $ 18.74, N 8.19; found, 8 18.43, N 8.10 


Feeding Experiments 


Rats—Young albino rats from a commercial breeder were used. The 
animals for each series of experiments were selected from shipments large 
enough to permit equal matching of the different groups with respect to 
sex, weight, and appearance. In all cases the animals were weighed and 
kept on the “preliminary” diet 4 days before being subdivided into the 
different experimental groups, thus increasing the accuracy of the matching. 
Individual metal cages with screen floors were used. 

Diets—The basal diet was composed of casein (vitamin-free) 9, glucose 
(cerelose) 69, salts 4 (10); amino acid mixture 2, vitamin mixture 1, hy- 
drogenated vegetable oil (Crisco) 15, and percomorph oil 2 drops. The 
amino acid mixture was composed of t-histidine hydrochloride 0.25, 
L-lysine hydrochloride 0.52, pi-valine 0.30, pi-threonine 0.40, pL-trypto- 
phan 0.10, and pt-methionine 0.43. The vitamin mixture contained 
thiamine hydrochloride 0.055, riboflavin 0.033, nicotinic acid 0.440, pyr- 
idoxine hydrochloride 0.055, calcium pantothenate 0.550, inositol 0.550, 
p-aminobenzoic acid 0.550, biotin 0.001, folic acid 0.010, menadione 0.010, 
choline chloride 4.0, and glucose 94.0. The “preliminary” diet was the 
same as the basal, except that the level of casein was 18 per cent instead 
of 9, the amino acid mixture was omitted, and the level of the glucose was 
changed from 69 to 62 per cent. 

The amino acid mixture was similar to the one used by Hall and Syden- 
stricker (11). On the basis of the data of Rose and Womack (12), it may 
be assumed that the phenylalanine and tyrosine level of the diet was near 
the minimum for normal growth. This was desirable to permit the addi- 
tion of appreciable quantities of phenylalanine without inhibiting growth; 
for phenylalanine inhibits growth at a level only moderately higher than 
that necessary for optimum growth (12). 

Supplements—The supplements were air-dried pi-phenylalanine, -3- 
thienyl-pt-alanine, $-2-thienyl-pt-alanine, and t-tyrosine. They were 
thoroughly mixed with the basal diet in the amounts indicated in Table I, 
and all such diets were fed ad libitum. 


Results 


Over 60 animals were used. The results from most of the animals are 
summarized in Table I. In several instances the supplements were 


changed after 12 to 20 days. Several such changes are indicated in 
Table I. 
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Rats given the basal diet alone (Groups 1, 7, 12) gained an average 
of 28 to 35 gm. during the first 12 days. The gain was substantially the 
same when 0.35 per cent of pit-phenylalanine was added (Group 2), indi- 
cating that the level of phenylalanine in the basal diet was not below the 


TABLE I 
Antagonistic Effect of B-3-Thienylalanine and 8-2-Thienylalanine on Phenylalanine 


The following abbreviations are used: Pyl. for phenylalanine, 8-3-Ty]. for 8-3- 
thienylalanine, 8-2-Tyl. for 8-2-thienylalanine, and Tyr. for tyrosine. 




















Grou No. of | Weight at 4 day intervals Gain 
No. Supplement, per cent | rats and a ee ee during 12 
| sex | 0 | 4 | 8 | 12 | 16 days 
| | gm. gm. | gm. gm. | gm. gm. 
1 | None | 4M. | 76| 86| 92 | 107 | 31 
2 | 0.35 Pyl. | 4“ | 75| 7 | 89 | 105 30 
3 | 0.05 g-3-Tyl. | 3“ | 78| 78| 84] 96 18 
4 | 0.05 6-3-Tyl. + 0.35 Pyl. | 4“ | 76] 82] 90] 101 25 
l-a | 0.30 B-3-Tyl. + 0.35 Py). 4“ |107|101| 98] 97 | —10 
2-a | 0.35 Pyl. 4“ | 105 | 120 | 130 | 139 34 
3-a | 0.15 g-3-Tyl. 3“ | 96] 97] 103 | 103 | 7 
4-a | 0.15 B-3-Tyl. + 0.35 Pyl. | 4 “ | 101 | 107 | 114 | 120 | 19 
5 | 0.30 8-3-Tyl. | 4“ | 109} 101] 95 | —14* 
6 | 0.30 6-3-Tyl. + 0.35 Pyl. ey, | 109 | 99} 97 | | —12* 
7 None | 4F. | 50| 58] 69| 78| 88 28 
8 | 0.10 6-3-Tyl. 4“ | 50] 53] 59] 65/ 74/ 15 
9 0.10 g-2-Tyl. 4“ | 80] 55] 65) 74 | 81 | 24 
10 | 0.10 6-2-Tyl. + 0.35 Pyl. 4“ | 50] 55] 66] 81] 92] 31 
11 0.10 8-3-Tyl. + 0.35 Pyl. | 3“ | 54] 60] 70) 81] 93] 27 
9-a | 0.10 6-3-Tyl. ) 4“ | 81] 84] 89] 93 | 12 
10-a | 0.10 8-3-Tyl. + 0.35 Pyl. 1 92 | 105 | 113 | 121 | | 29 
12 | None | 4“ | 75] 86} 96| 110] 119| 35 
13 | 0.175 Tyr. | 4“ | 75} 86} 96 | 107 | 32 
14 | 0.10 p-3-Tyl. Th ie 75| 70| 73| 81| 87] 6 
15 | 0.10 B-3-Tyl. + 0.175 Tyr. 4“ | 76) 76) 79) 87 | 92 1] 
16 | 0.10 8-3-Tyl. + 0.35 Tyr. 2“ | 67) 69] 72| 78 | 5° 
17 | 0.10 p-3-Tyl. + 0.35 Tyr. 2“ | 93] 97 | 101 | 8* 
18 | 0.35 Tyr. 2“ | 65) 78) 90 25* 





* Gain during 8 days. 


minimum for satisfactory growth, and that at least 0.35 per cent could be 
added without decreasing the growth rate. 

6-3-Thienylalanine decidedly impaired growth (Groups 3, 3-a, 5, 8, 
14), even at the level of 0.05 per cent. pt-Phenylalanine caused a decisive 
reversal of the effect at low levels of 8-3-thienylalanine, but when the level 
of the antagonist was 0.30 per cent, loss of weight occurred, even though 
the diet contained 0.35 per cent of added phenylalanine. 
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Although 8-2-thienylalanine inhibited growth, when fed at the level of 
0.1 per cent, the effect was decidedly less than in the case of 8-3-thieny]l- 
alanine fed at the same level (Groups 7 to 10). The inhibition was re- 
versed with pt-phenylalanine. 

Owing to the ability of tyrosine to reduce the phenylalanine require- 
ment (13), it was of interest to determine the effect of tyrosine on the 
growth of rats fed §-3-thienylalanine. In the experiments reported, 
L-tyrosine was used at the levels of 0.175 and 0.35 per cent. At the lower 
level the tyrosine definitely did not effect any degree of reversal. Over a 
period of 16 days on the supplements the average gain of four rats given 
0.10 per cent 8-3-thienylalanine was 12 gm. Four well matched controls 
given 0.175 per cent tyrosine, in addition to the 8-3-thienylalanine, were 
limited to the same gain in weight. Also, when tyrosine was fed at the 
level of 0.35 per cent and the 8-3-thienylalanine at 0.10 per cent (Groups 
16 and 17, Table I) there was no indication of reversal in the growth in- 
hibition of the 8-3-thienylalanine. 

The effect of tyrosine on the toxicity of §-2-thienylalanine was not 
investigated. 

In addition to growth retardation, the rats supplemented with -3-thi- 
enylalanine alone had rough and unkempt fur and an abject appearance. 
This was not so apparent in the rats receiving 8-2-thienylalanine as the 
only supplement. 


DISCUSSION 


The apparent failure of L-tyrosine to reverse the growth inhibition of 
§-3-thienylalanine is in agreement with the finding of Dittmer et al. (3), 
who reported that L-tyrosine had no effect on the inhibitory action of 
§-2-thienylalanine on the growth of yeast, although pi-phenylalanine 
was effective. This indicates that the 6-3-thienylalanine competes with 
phenylalanine for some essential enzyme system in the rat other than 
that which converts phenylalanine to tyrosine. This is contrary to the 
interpretation of Beerstecher and Shive (14), who regard their results 
with 8-2-thienylalanine and Escherichia coli as evidence that the latter 
analogue competes with phenylalanine for the system which oxidizes 
phenylalanine to tyrosine. 

It is unfortunate that the data afford no evidence concerning the effect 
of the p isomer of phenylalanine in reversing the toxicity of the thienyl- 
alanines. Rats can use this isomer approximately as efficiently as the 
L isomer for growth (12). Thus it is probable that the p isomer is capable 
of preventing the growth inhibition of the thienylalanines, but the possi- 
bility should be investigated. In an article (15) which was published after 
the submission of this paper it was shown that both 8-2-thienyl-p-alanine 
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and §-2-thienyl-L-alanine inhibit the growth of rats, and that the effect 
is reversed with pi-phenylalanine. 


The authors gratefully acknowledge the financial support of the Gradu- 
ate School of Indiana University, and gifts of certain essential amino 
acids by the Sterling-Winthrop Research Institute, 8-2-thienylalanine 
by Dr. Karl Dittmer, of the University of Colorado, and 3-methylthiophene 
by the Socony-Vacuum Oil Company. 


SUMMARY 


1. The synthesis of 6-3-thienylalanine is described. 

2. 6-3-Thienylalanine inhibits the growth of rats on a diet containing 
little if any excess of phenylalanine. The effect is reversed with p1- 
phenylalanine, but not with L-tyrosine. 

3. 8-3-Thienylalanine is a more potent antagonist of phenylalanine than 
8-2-thienylalanine in the rat. 
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STUDIES ON THE MECHANISM OF NITROGEN STORAGE 


I. EFFECTS OF ANTERIOR PITUITARY GROWTH HORMONE 
PREPARATIONS ON PLASMA GLUTAMINE, TOTAL FREE AMINO 
ACIDS, AND THE EXCRETION OF URINARY AMMONIA 


By PAUL D. BARTLETT, OLIVER H. GAEBLER, ann ANNE HARMON 
(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit) 


(Received for publication, May 20, 1949) 


Although glutamine constitutes from 15 to 25 per cent of the total 
free amino acids of plasma and is a major constituent of many animal 
tissues (1), little is known concerning its utilization in the animal body. A 
function clearly established, however, and one which certainly might be 
sufficient to explain its presence as a major constituent, is its réle in the 
transport and storage of ammonia and hence in the regulation of acid-base 
economy (2). Suggestion has also been made that glutamine might func- 
tion as an interim storage and transport form of amino nitrogen (3). This 
would seem to be a reasonable speculation, since the amide nitrogen of 
glutamine is particularly labile, and, in addition, its removal results in the 
release of glutamic acid with a similarly active amino group. 

Early in the development of metabolic studies, in which crude extracts 
of growth hormone were used and which were characterized by the produc- 
tion of both nitrogen storage and gain of body weight in dogs, observations 
were made on the blood chemistry. Teel and Watkins (4) observed a 
drop of 20 to 30 per cent in the blood non-protein nitrogen and found 
that not more than 70 per cent of the decrease could be accounted for by 
changes in urea and amino acids. Gaebler (5) confirmed the finding of a 
drop in non-protein nitrogen and found in addition a decrease in the 
excretion of total urinary nitrogen largely accounted for by changes in the 
excretion of urea. The urinary output of ammonia also increased during 
the 48 hours immediately following injection. Farr and Alpert (6), using 
both the intravenous and intraperitoneal routes of administration of 
crude growth hormone extracts, observed respectively an increase and a 
decrease in plasma amino acid level. 

Since we had at our disposal growth preparations which were very active 
when assayed in rats, but which were known to produce miscellaneous 
effects on nitrogen storage in dogs (7), it seemed of interest to study in 
particular their effect on the level of plasma glutamine and the excretion 
of urinary ammonia, and to reexamine the changes produced in plasma 


amino acids in the dog. 
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EXPERIMENTAL 


Animals—Adult female dogs weighing from 15 to 18 kilos were used in 
all experiments. The animals were maintained in metabolism cages and on 
Stock Diet 6, previously described (7). 

Methods—Urine collections were made in 24 hour periods terminated 
by catheterization and washing of the bladder. Total urine nitrogen was 
determined by a semimicro modification of the Kjeldahl-Gunning pro- 


TABLE I 
Effects of Anterior Pituitary Growth Hormone Preparations on Body Weight, 
Total Urinary Nitrogen, Ammonia Excretion, and Plasma 
Glutamine (Dog 42) 























| Urine 
Day of experiment Body weight | cacti Plasma glutamine 
| Total N Ammonia N 
kg. gm. per 24 hrs. | gm. per 24 hrs. mg. per cent 
1-5* 15.51 9.61 0.56 13.7 
67 15.62 | 11.05 0.52 9.2 
7 15.86 ee 0.50 10.0 
8 16.08 5.74 0.59 15.9 
9 16.08 6.98 0.64 17.3 
10 15.86 8.15 0.53 17.5 
ll 16.08 8.50 0.45 17.9 
12 16.19 8.97 0.50 13.0 
13 15.92 9.34 0.52 14.5 
14 15.92 | 11,18 0.62 15.3 
15 15.86 | 11.62 0.68 13.7 
16 15.86 | 10.84 | 0.61 14.3 
17 15.86 | 10.89 | 0.45 12.4 
18 15.86 | 11.05 | 0.62 14.5 
19 15.86 10.24 0.53 14.0 





* Data recorded for 5 day control period are the averages of daily analyses. 

+ Data recorded for this day are for the 24 hour period following subcutaneous 
injection of 200 mg. of growth hormone preparation, Parke, Davis and Company, 
Rx099816, which assayed 1361 units per gm. in normal, adult female rats. 


cedure with 0.02 n acid and alkali. Urinary ammonia was determined 
by the Van Slyke and Cullen aeration procedure (8). Plasma glutamine 
levels were determined by the enzymatic method of Archibald (9), and 
plasma total free amino acids by the ninhydrin method of Hamilton and 
Van Slyke (10). Fasting specimens drawn upon completion of a 24 hour 
urine collection were used in all blood analyses. 

Growth Hormone Preparations—Assayed growth hormone preparations 
were supplied by reliable commercial pharmaceutical manufacturers.' 

1 We are especially indebted to Dr. D. A. McGinty and Mr. L. W. Donaldson of 


Parke, Davis and Company, and to Dr. John R. Mote of the Armour Laboratories 
for supplying assayed preparations. 
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The lyophilized powders were dissolved in 0.8 per cent saline and injected 
subcutaneously. 


Results 


Table I summarizes the results of one of our early experiments showing 
the effects of growth hormone on body weight, total urinary nitrogen, 
ammonia excretion, and plasma glutamine. During the first 24 hour 
period following injection, an increase in the excretion of urinary nitrogen 
and a sharp drop in plasma glutamine were observed. An anabolic phase 


TaBLe II 


Effects of Anterior Pituitary Growth Hormone Preparations on Body Weight, Total 
Urinary Nitrogen, Ammonia Excretion, and Plasma Glutamine (Dog 45) 














| Urine 
Day of experiment | Body weight j | Plasma glutamine 
| Total N Ammonia N 
kg. gm. per 24 hrs. gm. per 24 hrs. mg. per cent 
1-5* | 17.55 10.42 | 1.09 12.5 
6T 18.21 11.55 | 0.78 7.9 
7 | 17.87 9.32 1.28 14.2 
8 | 17.76 9.26 | 0.99 15.0 
9 | 17.76 9.95 | No analysis 13.7 
10 | 17.76 10.75 0.97 12.3 
11 | 17.76 11.50 0.73 
12 | 17.76 11.54 | 0.68 | 11.0 
13 | 17.65 11.52 | 0.72 
14 | 17.65 11.96 | 0.71 10.0 
15 | 17.65 11.71 | 0.70 
16 | 17.65 11.82 | 0.66 
17 | 17.53 11.82 | 0.68 10.4 
18-20 17.53 (Average) | 11.48 0.76 (Average) 
21 | 17.31 11.37 | 0.59 10.3 


* Data recorded for 5 day control period are the averages of daily analyses. 

+ Data recorded for this day are for the 24 hour period following subcutaneous 
injection of 200 mg. of growth hormone preparation, Armour Laboratories, lot 
3-PKR-3. This preparation produced a 20 gm. weight increase in hypophysecto- 
mized rats injected with 50 y per day for a 15 day period. 





characterized by several periods of gain in weight, nitrogen storage, and an 
elevation of plasma glutamine followed. In general, the excretion of 
urinary ammonia followed changes in plasma glutamine and was largest 
during periods of plasma glutamine elevation. 

Table II summarizes data obtained in a similar experiment conducted 
on another animal with a different growth hormone preparation. Although 
the preparation showed high growth hormone activity in the rat, an 
entirely different response was produced in the dog. The period of 











1024 MECHANISM OF NITROGEN STORAGE. I 


protein anabolism was of relatively short duration and of small magnitude, 
whereas the protein catabolic phase was prolonged and severe in respect 
to nitrogen loss. Opportunity was thus presented for a study of the 
inverse relationship of plasma glutamine to total urinary nitrogen excretion 
under conditions of greatly stimulated protein catabolism. Changes jn 
the total urinary nitrogen and ammonia excretion and the level of plasma 
glutamine followed the same general pattern observed in the experiment 
summarized in Table I. Plasma glutamine values during the catabolic 


TaBLe III 
Effects of Anterior Pituitary Growth Hormone Preparations on Body Weight, Total 
Urinary Nitrogen, Ammonia Excretion, Plasma Glutamine Amide Nitrogen, 
and Total Free Amino Acid Carbozyl N (Dog 45) 




















| Urine Plasma 
Day of experiment Body weight \~ ; — | eg — aa al 
| TotalN | Ammonia N | omide N ; abet a 
kg. gm. per 24 hrs. | gm. per 24 hrs. | mg. per cent mg. per cent 
1-5* 19.16 | 10.52 | 0.59 1.17 5.09 
6T 19.52 10.43 | 0.42 0.79 5.00 
7 19.41 | $74 | 0.72 | 1:90 7.26 
8 19.30 8.80 | 0.70 1.29 6.45 
9 19.41 9.75 0.67 1.27 5.58 
10 19.30 | 10.8 | 0.73 | 1.86 0.89t 
11 19.30 | Bee be OAR. 4 US 4.61 
12 19.18 3.40) | 0.54 
13 19.18 |} 12.27 | 0.66 | 1.11 4.74 
14 | |) BR hk OR “ts 4.65 





* Data recorded for 5 day control period are the averages of daily analyses. 

+ Data recorded for this day are for the 24 hour period following subcutaneous 
injection of 200 mg. of growth hormone preparation, Parke, Davis and Company. 
Rx099858, which assayed 1780 units per gm. in normal, adult female rats. 

t Though recognized as most unusual, the value for free amino acid carboxyl 
nitrogen on the 10th day of the experiment is not due to error in analysis or calev- 
lation. 


phase were uniformly lower than those obtained for the control period and 
were accompanied by an increased excretion of total urinary nitrogen. 

Results of a third experiment in which both the plasma glutamine amide 
nitrogen and the free amino acid carboxy] nitrogen were followed are shown 
in Table III. A significant elevation in the amino acid carboxyl nitrogen 
was obtained and observed to reach a peak value during the second 24 hour 
period immediately following injection. It should be noted that the peak 
elevation in plasma glutamine was also obtained, but that it occurred at 
the onset of a marked catabolic phase indicated by amino acid breakdown. 
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Changes in glutamine amide nitrogen of plasma did not on any experi- 
mental day account for changes observed in the total free amino acid 
carboxyl nitrogen. 

DISCUSSION 


Our finding of an elevation in plasma amino acids in the dog following 
subcutaneous injection of anterior pituitary growth hormone preparations 
of the type described is confirmatory of a similar observation reported by 
Farr and Alpert (6) following intravenous administration of crude extracts, 
but contrary to those reported by Teel and Watkins (4) and Farr and 
Alpert (6) in which crude extracts were administered intraperitoneally. 

In recent studies on normal rats reported by Li et al. (11), a reduction in 
the level of plasma amino acids was obtained following injection of 1 mg. of 
purified growth hormone. Their observations were made up to 12 hours 
after administration of the preparation and, although a reduction in the 
plasma amino acid level was observed at 6 hours, the level had returned 
to normal at the end of 12 hours. In hypophysectomized rats, considered 
to be more sensitive to growth hormone than the normal rat (12), the 
plasma amino acid level was found to be significantly elevated above the 
control level 6 hours after treatment. 

It seems quite apparent from the results of our studies that changes in 
plasma glutamine amide nitrogen do not account for changes observed in 
the total free amino acid carboxyl nitrogen or for the nitrogen stored. 
If the increase in plasma-free amino acid carboxyl nitrogen had been ef- 
fected through the removal of amide or amino nitrogen from glutamine, 
some evidence for the réle of glutamine in the interim storage of amino 
nitrogen would have been obtained. The fact that glutamine amide 
nitrogen reaches its highest value during the period of marked amino 
acid catabolism is in complete agreement with the rédle of glutamine in 
the transport and storage of ammonia. 

A point of considerable interest and one which is difficult to explain is 
the sharp drop in plasma glutamine which occurred during the first 24 
hour period immediately following injection of growth hormone. If the 
enzymatic synthesis of glutathione is catalyzed by anterior pituitary growth 
hormone (13), and glutamine is involved, then perhaps the sudden drop in 
the plasma glutamine level could be explained on this basis. The direct 
incorporation of glutamine through the amide grouping into tissue proteins 
might also explain our finding. 


SUMMARY 
1. Changes in plasma glutamine do not account for changes observed in 


plasma amino acids or for nitrogen stored following administration of 
growth hormone. 
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2. Close parallelism in the level of plasma glutamine and the excretion 
urinary ammonia was observed in both anabolic and catabolic phases 
the experiments and emphasizes again the important rédle of glutamine 
the transport and storage of ammonia. 

3. An anterior pituitary growth hormone preparation shown to produce 


nitrogen storage and gain of weight in the dog also produced an elevation 


in 


the plasma amino acid level. 
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EFFECT OF CYSTINE AND THREONINE ON THE GROWTH OF 
RATS RECEIVING TRYPTOPHAN-DEFICIENT 
RATIONS* 


By L. V. HANKES, L. M. HENDERSON,t+ anp C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin» 
Madison) 


(Received for publication, June 3, 1949) 


A suppression of the growth rate of rats upon addition of proteins or 
protein hydrolysates containing little or no tryptophan to 9 per cent casein 
diets supplemented with cystine has been repeatedly demonstrated (1-5). 
This effect can be duplicated by adding 0.078 per cent threonine or 0.208 per 
cent phenylalanine to such diets (6). With 1.5 mg. per cent of niacin or 50 
mg. per cent of tryptophan growth rates are restored to values higher than 
those obtained without added threonine or phenylalanine. 

Cystine supplementation aggravates the renal damage and fatty infil- 
tration of the liver of rats receiving 8 per cent casein diets, deficient in 
choline (7, 8). Griffith and Nawrocki (9) have reported further intensifica- 
tion of the choline deficiency when threonine was added with cystine. The 
influence of threonine was believed to be due not to a direct antagonistic 
action on choline or on labile methyl, but rather to a stimulation of growth 
or metabolism, which aggravated the existing choline deficiency. They 
suggested that sulfur-containing amino acids and threonine are the most 
limiting amino acids for the rat receiving an 8 per cent casein diet. In 
most of the studies of tryptophan-niacin deficiency low casein diets, supple- 
mented with cystine, have been employed. The aggravation of choline 
deficiency by threonine, in the presence of supplementary cystine, and a 
somewhat similar aggravation of a niacin deficiency by threonine, also in 
the presence of added cystine, suggested that the cystine was of some im- 
portance in the latter case. The experiments reported here establish the 
relationship of cystine or methionine to threonine in precipitating a tryp- 
tophan-niacin deficiency in the rat. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by grants from the National 
Dairy Council, on behalf of the American Dairy Association, and the Nutrition 
Foundation, Inc. We are indebted to Merck and Company, Inc., Rahway, New 
Jersey, for the supply of crystalline B vitamins, and to the Abbott Laboratories, 
North Chicago, Illinois, for the generous supply of haliver oil. 


+ Present address, Noyes Laboratory of Chemistry, University of Illinois, Urbana, 
Illinois. 
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EXPERIMENTAL 


The experimental procedures were similar to those employed in pre. 
vious studies (1-3, 6). Sprague-Dawley rats, 3 weeks of age, kept in indj- 
vidual cages, were fed ad libitum for a 5 week period and weighings were 
made at weekly intervals. The basal diet had the following composition: 
sucrose 81.8 per cent, casein! 9 per cent, Salts IV (10) 4 per cent, corn oil 
5 per cent, t-cystine 0.2 per cent, and vitamins added as a dry mixture 
diluted with sucrose to provide the following quantities per 100 gm. of 
diet: thiamine 0.2 mg., riboflavin 0.3 mg., pyridoxine 0.25 mg., calcium 
dl-pantothenate 2 mg., choline chloride 100 mg., inositol 10 mg., biotin 
0.01 mg., and folic acid 0.02 mg. Halibut liver oil diluted with corn oil 
and fortified with vitamins E and K was used as a source of the fat-soluble 
vitamins. This was fed by dropper once weekly to provide approximately 
the following daily intakes: vitamin A 4001.v., vitamin D 4 1.v., 2-methyl- 
1 ,4-naphthoquinone 0.06 mg., and a-tocopherol 0.7 mg. A ration con- 
taining 0.2 per cent L-cystine was used as the control in order that the re- 
sults of the experiments reported in this paper may be compared to those 
in earlier papers of this series. The average growth rate for fifteen nega- 
tive control animals was 12 gm. per week, and for fifteen positive control 
animals (basal plus 1.5 mg. of niacin) was 16 gm. per week in a series of 
five experiments reported. As in previous work, the growth inhibition 
appeared after the animals were on the experiment for at least 2 weeks 
(6). 

In two experiments urine was collected under toluene from animals of 
selected groups after the 5th week. The collections were made for 3 day 
periods before and after the administration of 300 mg. of piL-tryptophan 
by stomach tube. The urine samples were analyzed for N'-methylnico- 
tinamide by the method of Huff et al. (11). A portion of each sample was 
neutralized, diluted, and analyzed for nicotinic acid by microbiological 
assay (12). The values obtained were designated “free” niacin. Another 
portion of each sample was hydrolyzed by autoclaving for 1 hour at 15 
pounds pressure with an equal volume of 2N HCl. After neutralizing and 
diluting, “total’”? niacin was determined microbiologically (12). The iden- 
tity of the substance which gives rise to niacin activity for Lactobacillus 
arabinosus during acid treatment has been identified as quinolinic acid by 
Henderson (13). 

In several experiments the 0.2 per cent L-cystine was removed from the 
ration to determine its réle in the production of a growth inhibition. In 


1 Smaco purified casein. 

? Unpublished data of L. M. Henderson shows that the acid treatment used de- 
carboxylates only a small, but presumably constant portion of the quinolinic acid 
present. 
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some cases 0.2 per cent pL-methionine was substituted for the 0.2 per cent 
L-cystine. 


TABLE I 
Effect of Certain Supplements on Growth of Rats Receiving Low Niacin Diets 



































| Plus 1.5 mg. 
Without niacin | niacin per 100 
| | gm. ration 
Supplement lnCys- lye, ae lA 
bcs | tine | onine| No. | gain | No. | gain. 
of | percent| of | percent 
| ani- of ani- of 
} mals | negative | mals | positive 
controls | controls 
1 per | per 
cent | cent 
None 0.2| 3 110 3 97 
3 92 3 64 
0.078% u-threonine 0.2 6 18 
0.078% pu-threonine 0.2 6 42 3 111 
0.156% ™ 0.2 6 9 
0.078% ‘s 0.2| 6 35 | 6 107 
0.078% : 6 98 | 6 57 
0.156% 3 91 
0.312% “ 3 66 | | 
0.052% p-phenylalanine 0.2 3 63 
0.104% 3 0.2 3 58 
0.208% i-phenylalanine 0.2 6 126 3 92 
0.208% pu-phenylalanine 0.2 12 57 3 106 
0.208% " 0.2| 6 68 6 110 
0.208% : 6 82 6 60 
0.208% pi-phenylalanine + 0.078% 0.2 6 42 
pL-threonine 
0.208% pi-phenylalanine + 0.078% 0.2] 6 29 
DL-threonine 
0.208% pi-phenylalanine + 0.078% 6 106 
pu-threonine 
2% glycine 0.2 9 56 3 107 
ae 0.2) 6 63 6 96 
Sree ® 9 76 6 70 
2% acid-hydrolyzed casein 0.2 9 47 6 135 
2% =, i 0.2] 6 47 6 112 
2% “5 2 0.4) 3 26 3 128 
2% ai - 9 164 9 91 














RESULTS AND DISCUSSION 


The effect of selected amino acids or acid-hydrolyzed casein on the 
growth of rats receiving the basal ration with and without niacin is shown 
in Table I. The growth rates are presented as percentages of the growth 
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of the negative control group or of the positive control group in the same 
experiment. The criteria used for evaluating growth-inhibition are the 
same as those employed in earlier studies in this laboratory (3, 6). 

Since previous work had shown that threonine and phenylalanine were 
the amino acids present in acid-hydrolyzed casein (6) responsible for the 
growth inhibition, the activity of the isomers of these acids was determined, 
As shown in Table I, 0.078 per cent L-threonine’ and 0.104 per cent p-phen- 
ylalanine were found to be very active growth inhibitors, while 0.104 per 
cent L-phenylalanine had no effect under these conditions. 
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Fic. 1. Growth response of rats to supplementary tryptophan. The dotted line 
is the growth curve of an animal receiving 20 mg. of pt-tryptophan daily by mouth, 
after the first 5 weeks. The continuous line is the growth curve of an animal not 
supplemented with tryptophan. 


Removal of the added 0.2 per cent L-cystine from the ration relieved 
the growth inhibition in all cases. Replacement of the 0.2 per cent L-cys- 
tine with 0.2 per cent pL-methionine caused a strong growth inhibition in 
the presence of 0.078 per cent pi-threonine and 2 per cent acid-hydrolyzed 
casein.‘ pui-Phenylalanine or glycine was a little less effective when methi- 
onine was added as the sulfur-containing amino acid. In all cases, thre- 
onine or acid-hydrolyzed casein caused a much stronger growth inhibi- 
tion than either glycine or phenylalanine. The fact that 0.2 per cent L-cys- 
tine or 0.2 per cent pL-methionine caused a growth inhibition in the pres- 
ence of 0.208 per cent pi-phenylalanine, 0.078 per cent pu-threonine, or 
2 per cent acid-hydrolyzed casein indicated a definite relationship between 
phenylalanine, cystine or methionine, threonine, and tryptophan. 

* We are indebted to Dr. W. C. Rose of the University of Illinois for the L-threo- 
nine. 

* Smaco casein was hydrolyzed with sulfuric acid as described previously (6). 











aan tm at ue 





| Same 
re the 


C Were 
‘or the 
mined, 
-phen- 
04 per 


- 





10 


ted line 
mouth, 
mal not 


elieved 
, L-Cys- 
ition in 
rolyzed 
methi- 
3, thre- 
inhibi- 
t L-cys- 
\e pres- 
line, or 
etween 


L-threo- 


(6). 








HANKES, HENDERSON, AND ELVEHJEM 1031 


Daily supplementation of selected groups of animals with 20 mg. of 
pi-tryptophan for an additional 5 weeks relieved the growth inhibition 
caused by 0.078 per cent pi-threonine, 2 per cent glycine, or 0.208 per 
cent DL-phenylalanine in the presence of either 0.2 per cent L-cystine or 0.2 
per cent pi-methionine. This indicated that tryptophan was a very 


TABLE II 


Effect of Various Substances on Excretion of Nicotinic Acid and Its Derivatives by 
Rats Following Tryptophan Administration 





























Urinary excretion, y per 24 hrs. per 100 gm. body weight 
Free nicotinic acid |, haem micatinic cid | Vt-Methytnicotina- 
z Supplement Control* a ong Control* | Tryptophan | Control* ——_ 
i} —— -_ we ———— — ———= ee 
2 siaisjalsia)s!iastsi| ais) @ 
: e(a|2i/2/2/2/2/ 2/2) 8) 2/ 8 
ee ea ee ee | ——| — | —_| —-| — 
I | None 6 |5- | eo4o-| 11 |- | 4oolo7- | 8 |e 376- 
6 77 12| | 935 10 | 641) 992 
Niacin 12 |9- 71/50- | 18 |17- |1377|/801- | 53 |32- | 639|506- 
15 98 23} | 1817, | 63| | 767 
2% acid-hydrolyzed| 6 |5- | 5649-| 7 |7- |1403\1233-| 7 \6- | 463/369- 
casein 6 68 8 1570 7 518 
Same + niacin 10 |9- 73\68— | 14 |13— | 963/619- | 16 |11- | 689/467- 
11 80 15 1482 18 918 
II | None 7 |5- 36|22- | 11 |9- | 945/700- 
11 47 13 1080 
Niacin 6 |3- 240/49- | 11 |9- 919|543- 
11 545 15 1149 
0.078% pu-threonine| 4 |3- 30/20- | 7 \7- | 779\154- 
5 46 8 1372 
0 | Same + niacin 7 |\i- 132)55- | 13 |13- |1047/734- 
9 187 16 1421 
No cystine + 0.078%} 7 |6- 30/30- | 10 |8— |1052)/862- 
pL-threonine + 8 30 11 1243 
0.2% p.-methio- 
nine 
Same + niacin 7 |5- 54/42- | 11 |9- /|1387/1044— 
8 61 14 1471 | 






































*The control refers to the 3 day collection prior to feeding pL-tryptophan. 


limiting factor in these rations. A few typical growth curves obtained in 
these experiments are presented in Fig. 1. In all cases those animals re- 
ceiving a supplement of tryptophan for the second 5 week period grew 
at a more rapid rate than the control animals. 

The analytical data (Table II) from urine of selected groups of animals 
in two different experiments indicated that the addition of 2 per cent acid- 
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hydrolyzed casein had no depressing effect on the excretion of N'-methyl- 
nicotinamide. However, the addition of niacin to the ration significantly 
increased the N'-methylnicotinamide levels in the urine of both groups. 
The level of ‘‘free” niacin in the urine of control animals was not affected 
significantly by the addition of 2 per cent acid-hydrolyzed casein, 0.078 
per cent pi-threonine, or 0.078 per cent pt-threonine plus 0.2 per cent 
pL-methionine. There were no significant differences in the ‘‘total’” nia- 
cin excreted by the animals in the different groups after tryptophan ad- 
ministration. This indicated that in the presence of excessive amounts of 
tryptophan any possible interference with niacin synthesis was probably 
overcome by the mass effect of one component (tryptophan) in the system. 

It is possible that the inhibition obtained with threonine in the presence 
of cystine could be due to some reaction occurring in the intestinal tract 
or tissues between threonine, cystine, and tryptophan, which utilizes some 
of the tryptophan, leaving insufficient amounts for niacin and protein 
synthesis. The mode of action of these inhibiting amino acids is not known 
at the present, although injection experiments have shown that threonine 
inhibits growth whether injected or fed in the ration, while phenylalanine 
inhibits only when fed (6). 

Studies with enterectomized rats have indicated that most of the syn- 
thesis of niacin and related compounds from large doses of tryptophan 
occurs in the tissues (14, 15), but it was recognized that physiologically 
significant quantities of the vitamin might be synthesized in the intestinal 
tract as suggested previously (16). Additional evidence of tissue syn- 
thesis has been reported by several workers (17, 18). 

With the thought in mind that threonine, cystine, or phenylalanine may 
cause growth inhibition by interference with niacin synthesis, tissue slice 
work was done to test the effect of these compounds. It was found by 
microbiological assay of acid-hydrolyzed liver slices that the niacin con- 
tent increases on an average of 30 per cent after a 40 minute incubation 
period.’ The range of increase obtained was 20 to 70 per cent. These 
increases were obtained by incubation of slices without the addition of any 
amino acids. The addition of threonine, phenylalanine, cystine, or com- 
binations of these amino acids to the incubation solutions had no effect on 
the levels of niacin in the incubated slices. Other organs were tested for 
ability to synthesize niacin and it was found that similar increases in niacin 
content occurred in kidney slices after a 40 minute incubation period. No 
increases in niacin content were found after incubation of intestinal tract 
and muscle slices. It should be emphasized that the increases in niacin 
were obtained without the addition of tryptophan to the incubated solu- 
tions, and that the niacin values obtained probably represent the sum of 


5 Hankes, L. V., unpublished data. 
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free niacin and niacin due to decarboxylation of quinolinic acid (if present), 
during acid hydrolysis. 

Since the inhibiting amino acids had no effect on the niacin levels of 
incubated liver slices or the level of niacin excreted in the urine of animals 
receiving these added amino acids, it appeared that a metabolic interre- 
lationship between these amino acids was the important factor in this 
work. Several amino acids are limiting in a 9 per cent casein ration, when 
calculated on the basis of Rose’s suggested minimal levels for normal rat 
growth (19). Those most limiting are methionine, histidine, threonine, 
lysine, phenylalanine, and tryptophan. The growth rates obtained with 


201 


— 


et 
a 
+ 


7 


ne 
w 
' 


GRAMS PER WEEK 
oo 


ae 
T 





























| 


9% CASEIN 9% CASEIN 9% CASEIN 9% CASEIN 9% CASEIN 
CYSTINE CYSTINE CYSTINE CYSTINE 
NIACIN THREONINE THREONINE 
NIACIN 





Fic. 2. The cystine, threonine, and niacin interrelationships on 9 per cent casein 
rations. 


the different combinations of amino acids are illustrated in Fig. 2. The 
growth on a 9 per cent casein ration without L-cystine was 10 gm. per week. 
The limiting amino acids in this case were cystine, threonine, and trypto- 
phan. The addition of cystine to the ration increased the growth rate up 
to 12 gm. per week, and left threonine and tryptophan as limiting amino 
acids. The addition of niacin, which has a sparing effect on tryptophan, 
increased the growth rate up to 16 gm. per week, and the only limiting 
amino acid remaining on this ration was threonine. The further addition 
of threonine increased the growth to 19 gm. At this point the omission of 
niacin from the ration again made tryptophan more limiting, and growth 
dropped to 4 gm. per week. Whether similar results can be obtained with 
another protein limiting in tryptophan and other amino acids has not been 
determined. Thus a tryptophan deficiency accompanied by adequate or 
generous intake of threonine and cystine is much more serious than when 
these amino acids are supplied at low levels. 
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Such interrelationships have often been observed in vitamin deficiencies, 
It is well known in vitamin work that clear cut symptoms due to the lack 
of a single vitamin are not obtained until all of the other factors are sup. 
plied in sufficient quantities. For example, Dye et al. (20) in their work 
with multiple vitamin deficiencies showed that low levels of vitamin A 
and thiamine in the ration were not as damaging as when one of them was 
added in excess. 

Experiments (Table III) in which the level of protein was varied indi- 
cated that the growth inhibition obtained was not due merely to the pres. 
ence of free amino acids. Replacement of 2 per cent of the protein in the 
ration with amino acids equivalent to 2 per cent casein produced almost 


























TaBLeE III 
Effect of Protein Level on Growth Rate 
| | Plus 1.5 mg, 
| Without | niacin per 
| miacin 100 gm, 
| ration 
Level of protein Glycine hoon | Average 
gain, per | gain, per 
cent of | cent of 
negative | positive 
controls controls 
(6rats) | (6 rats) 
per cent 
7% casein + amino acids = 2% casein 80 | 9% 
9% “ + “ 22% “ (except trypto- 30 | 125 
phan) 
7.5% casein 73 67 
— 2 29 50 
10.5% “ 115 135 
10.5% “ 2 57 121 








the same growth as a 9 per cent casein basal diet. Furthermore, the ad- 
dition of 2 per cent casein to this ration (tryptophan excluded) gave a very 
strong growth inhibition. Since this procedure was equivalent to adding 
2 per cent of acid-hydrolyzed casein to the basal ration, it indicated that the 
inhibition was due to an imbalance of amino acids in the ration. Redue- 
tion of the protein level of the ration from 9 to 7.5 per cent increased the 
inhibitory activity obtained with 2 per cent glycine. However, the ele- 
vation of the level of protein to 10.5 per cent did not affect the growth 
rates to any significant extent in the presence of 2 per cent glycine. 

It is of interest that all of the inhibitors used except 6 per cent gelatin 
did not inhibit growth when dextrin was used as a source of carbohydrate 
(6). The cause of this effect is not known, but it is possible that the slower 
digestion of dextrin allows intestinal bacteria more time for synthesis of 
niacin. 
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SUMMARY 


1. t-Threonine and p-phenylalanine are the isomers responsible for the 
growth-inhibitory effect of these amino acids when added to a 9 per cent 
easein ration containing no niacin. 

2. The omission of 0.2 per cent L-cystine from the ration relieved the 
growth inhibition due to 0.078 per cent pi-threonine, 2 per cent acid- 
hydrolyzed casein, 0.208 per cent pi-phenylalanine, and 2 per cent glycine. 

3. The addition of 0.2 per cent pi-methionine in place of 0.2 per cent 
L-cystine in a 9 per cent casein ration gave the same growth effect as 0.2 
per cent L-cystine in the presence of either 0.078 per cent pi-threonine or 
2 per cent acid-hydrolyzed casein. 

4. The addition of the growth-inhibiting amino acids to a 9 per cent 
casein ration did not affect the excretion of niacin in the urine of rats. 

5. The growth inhibitions obtained by adding the various combinations 
of amino acids appear to be due to the increased requirement of the limiting 
amino acid when all others are supplied in adequate or generous amounts. 
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Relatively few studies concerned with the metabolism of the longer 
fatty acids (Cy and upwards) in vitro have been done with tissue slices 
because of the low water solubility of non-toxic forms of these compounds 
and the lack of suitable analytical methods to detect accurately the small 
amount of metabolism which occurs during such experiments. At present, 
however, it is possible to overcome these difficulties by the use of non- 
toxic, finely dispersed emulsions of triglycerides containing radioactive 
fatty acids labeled with C. By this means, sufficient substrate can gain 
access to the cells, and it or its metabolic products can be followed by 
measurement of the radioactivity. That highly emulsified triglycerides 
probably enter tissue cells without difficulty is indicated by the extremely 
rapid rate at which emulsified radioactive trilaurin was metabolized 
when injected intravenously into rats (1). 

The studies reported in this paper deal with the ability of slices of various 
rat tissues to metabolize aerobically carboxyl-labeled trilaurin in an emulsi- 
fied form and octanoic acid (—C“OO—) as its sodium salt. The latter 
was used in part to ascertain whether certain phenomena found with the 
trilaurin could be attributed to the physical state of the substrate. Utili- 
zation of the lipides was measured by the amount of radioactivity in the 
respired carbon dioxide. 


EXPERIMENTAL 


Preparation of Radioactive Trilaurin and Octanoic Acid—Lauric acid 
containing C™ in the carboxyl group was prepared in 75 to 86 per cent 
yields from undecyl magnesium bromide and CO, according to the method 
of Harwood and Ralston (2). The product had a correct neutral equiva- 
lent and a melting point of 43.6-44.0° (uncorrected). It was diluted with 
4 parts of purified inert lauric acid (melting point of the mixture, 43.5-44.0°, 
uncorrected) and then synthesized to trilaurin by the method of Garner 


* Supported in part by grants-in-aid from the National Dairy Council, Chicago, 
The Upjohn Company, Kalamazoo, the Nutrition Foundation, Ine., New York, 
the Milbank Memorial Fund, New York, and the National Cancer Institute, United 
States Public Health Service. 


1037 








1038 TRILAURIN AND OCTANOIC ACID 


(3). A petroleum ether solution of the product was thoroughly extracted 
with dilute aqueous potassium bicarbonate and then repeatedly with 29 
per cent ethyl alcohol. The yields ranged from 71 to 80 per cent based on 
the activity of the lauric acid. The trilaurin used in the studies reported 
in this paper had the correct saponification number and an activity of 929 
counts per minute per mg.’ The activity of the trilaurin was obtained by 
counting it directly when plated out in stainless steel cups, with or without 
lens paper disks. 

Carboxyl-labeled octanoic acid was prepared from heptyl magnesium 
bromide and CQ, by the technique used in the lauric acid syntheses, 
The acidified reaction mixture was extracted with ether, and the ether 
solution was washed well with H,O, and then with dilute NaOH solution, 
The alkaline solution was extracted with ether, acidified with H,S0, 
and extracted with ether. The solvent was evaporated to give octanoic 
acid with a correct neutralization equivalent and in a yield of 72 per cent 
based on activity. When counted directly as its sodium salt with the aid 


of lens paper disks, it had an activity of 6580 c.p.m. per mg. Synthetic 


inactive sodium octanoate was used as a diluent when necessary. 
Emulsification of Trilaurin—1.5 gm. of the labeled trilaurin, 0.2 gm. of 
a soy bean phospholipide preparation (Preparation B(F-2), Geyer et al. 
(4)), 0.1 gm. of Demal-14,? and 28 ml. of water were blended at high speed 
in a 50 ml. metal blendor jar equipped with a thermometer and an inlet 











for gassing with nitrogen. The blending was carried out for 20 minutes | 


and during this time the temperature was raised to 90° by external heat- 
ing. At the end of this period most of the particles were below 1 u in 
diameter and none were above 2 » as judged by visual microscopy with a 
calibrated ocular micrometer. The emulsion was quickly taken up ina 
syringe and transferred to 1 ml. glass ampules which were flooded with 
nitrogen and then sealed in a flame. These were then autoclaved at 15 
pounds for 15 minutes and stored in the dark. Although such emulsions 
are stable for long periods of time, no emulsions were used when more than 
1 month old. 

Studies with Rat Tissues in Vitro—These were carried out as follows: 
125 ml. conical flasks were used for the incubations and were equipped in 
such a way as to allow CO,-free oxygen saturated with water to bubble 
through the medium and then either (a) through a gas-washing tube and 
through a sintered glass disk into a measured quantity of 1 n COz-free 
NaOH, or (b) through a by-pass into a large alkaline trap. The organs from 


1 All counting was done with an end window Geiger-Mueller tube, and all counts 
were corrected to what would have been obtained had 5 mg. been present during 
counting. 

2 A polyglycerol ester of oleic acid. Emulsol Corporation, Chicago. 
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a lightly etherized rat were excised and placed in oxygenated calcium- 
free Ringer-phosphate solution (5) at 0°. Slices were then made and placed 
in the incubation flasks which contained 20 ml. of the Ringer’s solution 
at 37.5° and pH 7.1. The flasks were gassed at a rapid rate for 3 to 5 
minutes, then while the substrate was being added, and then for an addi- 
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Fig. 1. Metabolism of carboxyl-labeled lipides by liver slices. A, trilaurin 
(—C“O0O—) metabolism. Initial activity, 33,500 c.p.m.; 920 c.p.m. per 1 mg. of tri- 
laurin. B, octanoic acid (—C“OO—) metabolism. Initial activity, 93,600 ¢.p.m.; 
6500 ¢.p.m. per 1 mg. of octanoic acid. 


tional 1 to 2 minutes. During this preliminary period the oxygen and 
respired carbon dioxide were diverted through the by-pass (b). The by- 
pass was then closed and the gases from the flasks were passed through 
their respective columns of alkali at a rate of approximately 5 ml. per 
minute. Slow mechanical shaking was provided. The alkaline samples 
of respired carbon dioxide were collected directly in 25 ml. volumetric 
flasks without exposure to atmospheric carbon dioxide, and aliquots were 
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analyzed for total CO, in the Van Slyke-Neill apparatus (6). Suitable 
aliquots were also treated with BaCl, solution and the precipitated BaCo, 
washed and plated as described by Solomon et al. (7). 

Since the oxidation in vivo of intravenously administered trilaurin was 
extremely rapid (1), it was desirable in the studies in vitro to ascertain 
first whether or not whole rat blood or plasma played ardéle in this metab- 
olism, or whether the tissues were able to assimilate the dispersed lipide 
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Fic. 2. Metabolism of trilaurin by liver slices. Per cent of initial trilaurin ac- 
tivity which appeared in the respired COz2 per gm. of dry liver. The initial activity 
in each experiment was 33,500; 920 c.p.m. per 1 mg. of trilaurin. 


quickly without previous physical or chemical change. Preliminary stud- 
ies disclosed that heparinized whole rat blood or plasma from such blood 
had a negligible effect upon the trilaurin, while intact liver slices oxidized 
this substrate equally well when the suspending medium was either of these 
materials or the Ringer-phosphate solution. Thus, blood components 
such as lipases seemed unnecessary for the metabolism of the triglyceride 
and any differences in the amount of blood retained by the slices of var- 
ious organs could be neglected. 
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Prolonged Incubation Studies with Liver—These studies were carried 
out to determine both the ability of such slices to metabolize the labeled 
lipides and the duration of such metabolism in surviving slices. In early 
experiments 1 te 2 gm. (dry weight) of liver slices were used, but this was 
later reduced to 0.2 to 0.5 gm. Either 36 mg. of radioactive trilaurin in 
the form of the emulsion or 14.4 mg. of octanoic acid (as the sodium salt) 
were used per flask. Successive samples of respired carbon dioxide were 
collected at various intervals for total experimental periods ranging up to 


TABLE [| 
Effect of Fasting Upon Octanoate (—C“OO—) Oxidation in Vitro by Various Tissues* 
= cea | ; | sal 

















P — | Total c.p.m., in 
Tissue | Fast period | —Drytissue | Specific activity | Co, pet 100 mg. 
hrs. c.mm. COs per mg. | 
Liver 0 9.25 1609 796 
36 5.36 1907 552 
60 | 6.99 1806 676 
Kidney | 0 25.35 | 4770 6510 
36 | 23.40 4735 5940 
60 | 22.30 5545 6640 
Heart 0 9.21 2020 998 
36 8.90 1857 686 
60 | 10.20 1012 552 
Lung 0 | 11.18 5210 3130 
36 8.90 3920 1870 
60 | 9.62 4350 2250 
Brain 0 11.00 1031 609 
36 | 9.51 1320 674 
60 12.60 1142 769 





*2 hour incubation period. All flasks contained 0.001 m octanoic acid as its 
sodium salt. Total activity per flask, 18,720 c.p.m. 
+ Counts per minute per mg. of carbon in carbon dioxide. 


7 hours. The results of typical experiments are given in Fig. 1 in the form 
of time curves for the specific activity of the respired carbon dioxide and 
the accumulated activity which appeared in the CO,. 

Effect of Fasting—To determine whether or not fasting influenced the 
rate and extent of trilaurin metabolism by liver, experiments were under- 
taken in which the animals were fasted for various periods of time prior 
to sacrificing them. Approximately 1 gm. of liver slices (dry weight) 
was used in each experiment, and the incubations were performed as de- 
scribed previously. The results from some of these studies are presented 
in Fig. 2 where the per cent of the original activity present in the respired 
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carbon dioxide is plotted against time. Little effect of fasting was evi- 
dent during the first 2 hours of incubation, and further experimentation 
is necessary to evaluate the significance of the slight differences which 
occurred after this time. 

















TABLE II 
Octanoate Oxidation by Various Tissues at Various Substrate Concentrations* 

O : . Specific , Total c.p.m. in OO. or ie 

Tissue ——a Dry tissue | activity of | - —— 100 | ing. dry tissue 

| 2 dry tissue amg 

a icc aaa ne 

ma per I. = Ny | 

Brain 0.3 11.8 790 500 1670 
1.0 11.0 1,030 609 | 675 
3.3 8.64 1,400 649 | 196 
6.6 8.00 1,750 680 | 108 
Liver 0.3 10.3 611 337 1120 
1.0 9.25 1,610 796 886 
3.3 6.76 4,460 2,880 | 72 
6.6 5.75 8,320 5,740 | 910 
Lung 0.3 11.4 3,120 1,900 6330 
1.0 11.2 5,210 3,130 | 3480 
3.3 9.94 5,430 2,895 878 
6.6 8.28 7,360 3,420 542 
Heart 0.3 13.9 934 697 | 2320 
1.0 9.21 2,020 998 | 1110 
3.3 12.9 3,200 2,320 | 703 
6.6 11.8 8,370 5,150 | 548 
Kidney 0.3 25.1 1,910 2,530 | 8430 
1.0 25.4 4,770 6,510 | 7230 
3.3 19.6 10, 660 9,320 | 2820 
6.6 5 13,580 13,550 | 2150 
Spleen 0.3 9.19 3,390 1,670 | 5570 
3.3 10.6 6,700 3,800 | 1150 
| 6.6 9.49 7,320 3,720 590 











* 2 hour incubation. Each flask contained 20 ml. of Ca-free Ringer-phosphate 
solution and 0.3 ml. of H,O which contained the proper amount of octanoic acid (as 
its sodium salt) to give a final substrate concentration of 0.3, 1.0, 3.3, or 6.6 mm per 
liter. Total activity per mm of octanoic acid per flask, 18,720 c.p.m. 


The effect of fasting was also studied in a series of experiments in which 
sodium octanoate was the substrate. Slices of various rat tissues (liver, 
lung, kidney, spleen, heart, and brain) from animals fasted for varying 
lengths of time were incubated with 0.001 m radioactive sodium octanoate 
for 2 hour periods, and the total and specific activities of the respired car- 
bon dioxide were determined. The results are presented in Table I and 
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show no appreciable increase in octanoate metabolism as a result of fast- 
ing; instead, some decreases in total octanoate oxidation were observed. 
In view of these results and those obtained with the trilaurin, non-fasted 
animals were used in the succeeding experiments reported in this paper. 
The data in Table I show a marked difference between organs with re- 
spect to their ability to oxidize octanoic acid. 

Effect of Concentration of Substrate—Studies were undertaken to de- 
termine whether the concentration of the substrate influenced the amount 
of oxidation by the various organs. Octanoic acid concentrations of 
0.0003, 0.0033, and 0.0066 m were used, and approximately 0.2 to 0.3 gm. 














TABLE III 
In Vitro Metabolism of Emulsified Trilaurin (—C“OO—) by Various Tissues* 
— Dry tissue aa 7 ay _—= — ™ oe — 
c.mm. COs per mg. 
Liver 7.24 199 77.4 
7.04 238 89.8 
Kidney 15.7 799 681 
16.2 696 605 
Heart 10.7 499 287 
11.81 384 244 
Lung 9.41 427 216 
10.00 527 282 
Spleen 8.52 518 236 
8.71 437 190 
Skeletal muscle 3.61 69.7 13.5 
3.34 49.8 8.9 
Brain 6.95 84.9 31.4 








*2 hour incubation period. Each flask contained 16 mg. of trilaurin in the form 
of anemulsion. Total activity per flask, 14,800 c.p.m. 


of tissue (dry weight) was used in each case. The incubations were of 
2 hours duration and the respired carbon dioxide was collected as in the 
previous experiments and assayed for radioactivity. The results of these 
studies are given in Table II. The data show that the metabolism of 
octanoic acid by slices of rat tissue depends to a certain extent upon the 
level of substrate present, and that, as a consequence, the relative ability 
of these organs to metabolize this acid is also dependent upon the concen- 
tration of substrate present. 

The ability of slices of various rat tissues to oxidize trilaurin was studied 
with the organs previously mentioned and also with skeletal muscle. 16 
mg. of trilaurin in the form of the emulsion were added to each flask and 
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the incubations were conducted for 2 hour periods. The results are given 
in Table III and are similar to those obtained with the higher levels of 
octanoic acid. 


DISCUSSION 


By using a finely dispersed emulsion of radioactive trilaurin it was possi- 
ble to study the metabolism of this triglyceride by rat tissue slices in vitro, 
Since comparable results were obtained with water-soluble sodium oe. 
tanoate, the use of such emulsions appears to be a valid and useful tool 
for the study of fat metabolism by such slices. The importance of the 
use of such emulsions lies in the fact that most of the water-soluble forms 
of the fatty acids which contain 12 or more carbon atoms are relatively 
toxic to surviving cells, while the non-toxic forms are so water-insoluble 
as to have difficulty in entering the cell. The high sensitivity and accuracy 
with which the radioactivity can be determined allow even small amounts 
of oxidation to be detected and measured. 

In the studies reported in this paper the radioactivity which appeared 
in the respired carbon dioxide was used as the criterion of metabolism of 
the marked substrate. This simple index is a measure only of completely 
oxidized substrate (specifically only the completely oxidized carboxyl 
groups of the lipides) and does not, of course, give evidence as to how the 
metabolism is accomplished or to what extent intermediates have accumu- 
lated or entered into intermediary metabolism. Furthermore, it is possi- 
ble that a higher rate of metabolism was observed than would be the case 
if the labeled carbon had been farther back in the chain, or if fatty acids 
other than lauric and octanoic were employed. These various aspects are 
now under study. 

It can be seen from Figs. 1 and 2 that trilaurin and octanoate metabolism 
is most rapid in the first 2 hours, but that the metabolism is maintained at 
a significant rate for as long as 4 to 5 additional hours. The increasing 
specific activity of the respired carbon dioxide during the first 120 minutes 
may be explained in part by the possibility that some substrates naturally 
present in the liver are being exhausted (or perhaps less efficiently oxidized), 
with the net result that less inert CO, is being formed to act as a diluent. 
Additional studies on the two-phase character of the oxidation-time curve 
will be reported in a subsequent paper. The data in Table I and Fig. 2 
indicate that for the studies reported in this paper there would have been 
no advantage in using fasted animals, since no appreciable increase in 
metabolism of the lipides resulted from such a procedure. The slightly 
greater rate of oxidation of trilaurin that occurred after the first 2 hours of 
incubation in the case of the liver slices from fasted animals compared to 
that from non-fasted animals needs further study. 
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The relative order of the various tissues with respect to their ability to 
oxidize octanoic acid is dependent to a certain extent upon the level of 
substrate used. Thus, at the lowest level of this acid (0.0033 m) brain 
oxidized more of this acid than did liver, whereas at higher levels of sub- 
strate liver oxidized much more than brain. On the basis of the amount 
oxidized per mM of substrate present, liver was not affected by increasing 
the substrate concentration in spite of a decrease in total CO, production. 
The efficiency of all of the other organs to oxidize octanoic acid rapidly 
fell off as the substrate concentration was raised. This is of interest from 
an in vivo standpoint, since in normal animals after oral ingestion of fat 
the liver is subjected to a much higher concentration of lipide than are the 
other organs. If the various tissues have the same relative ability to oxi- 
dize these lipides in vivo as they do in vitro, it would appear that extra- 
hepatic tissues as well as the liver are not only important in the utilization 
of the split fragments from fatty acid catabolism, but are also of signifi- 
cance in the metabolism of the longer chain fatty acids themselves. 

These studies have been extended to include the effects of various cata- 
lysts and inhibitors and will be reported in a subsequent paper. 


SUMMARY 


Carboxyl-labeled trilaurin in a finely emulsified form was metabolized 
by kidney, liver, spleen, heart, lung, brain, and skeletal muscle slices as 
measured by the radioactivity in the respired carbon dioxide. Water- 
soluble sodium octanoate gave results similar to those obtained with the 
trilaurin emulsion. 

Metabolism of these substrates proceeded most rapidly during the first 
2 hours, but significant oxidation occurred for as long as 6 to 7 hours in 
liver tissue. 

The relative order of the ability of the various organs to oxidize octanoic 
acid depended to a certain extent upon the level of substrate present. 
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THE ADRENAL CORTEX AND SERUM PEPTIDASE ACTIVITY* 


By THEODORE B. SCHWARTZ{ anp FRANK L. ENGEL 


(From the Department of Medicine, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, June 16, 1949) 


Studies have been initiated in this laboratory to investigate the relation 
of various hormones to proteolytic enzyme activity. This report deals 
with the effect, in the rat, of adrenal cortical extract (ACE) and adreno- 
corticotropic hormone (ACTH) on the enzymic hydrolysis of t-leucyl- 
glycylglycine (LGG) by rat serum. A smaller series of mice has been 
similarly studied, since Holman, White, and Fruton (1) have reported a 
considerable increase in mouse serum peptidase activity after injection 
of ACE and ACTH. 


Materials and Methods 


Adult male rats of the Vanderbilt strain, fed a diet of dog chow supple- 
mented with liver pudding and lettuce (2), were used. Water intake was 
not restricted, but, prior to bleeding, the rats were fasted 18 or 40 hours. 
Animals were subjected to light nembutal anesthesia during the course of 
bleeding from the tail, vena cava, or aorta. No change in enzymic activity 
of the blood could be related to the site of bleeding. Most of the serum 
samples were not hemolyzed and all samples showing more than a trace 
of hemolysis were discarded. 

Adult male mice, fed an unrestricted diet of dog chow without supple- 
ments, were bled from the vena cava after ether anesthesia was induced. 

Aqueous adrenal cortical extract! and a purified preparation of adreno- 
corticotropic hormone? were administered subcutaneously or intraperito- 
neally. 

Enzymic hydrolysis was carried out in 10 ml. Erlenmeyer flasks con- 
tinuously agitated in a Warburg bath kept at 37°. The hydrolysis mix- 
ture, maintained at pH 8 with 0.02 m veronal buffer, contained, m: addition, 
0.05 mam of LGG,* 0.2 ml. of serum, and 0.85 per cent NaCl to make a total 


* This work was supported by grants from the American Cancer Society, adminis- 
tered by the Committee on Growth of the National Research Council, and the Duke 
Research Council. 

+ Postdoctorate Fellow of the United States Public Health Service. 

1 Obtained through the courtesy of Dr. Dwight Ingle of The Upjohn Company 
and Dr. D. Klein of Wilson and Company. 

2 We are indebted to Dr. George Sayers for providing a supply of this material. 

* Kindly supplied by Dr. Paul Zamecnik. 
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volume of 2 ml. When desired, the mixture was made 0.001 m with re- 
spect to manganese sulfate without changing its total volume. 

At measured time intervals after the initiation of the hydrolysis, 0.2 or 
0.5 ml. samples were withdrawn from the hydrolysis mixture. The 
hydrolytic products were assumed to be t-leucine and glycylglycine (3, 4), 
The assumption that only 1 peptide bond is broken seems reasonable, 
since, calculated on this basis, we have found 102 per cent hydrolysis of 
LGG in 24 hours. The free amino acid content was determined by the 
manometric ninhydrin method of Van Slyke and associates (5-7). Sub- 
strate solutions usually were prepared at weekly intervals and occasional 
checks failed to reveal the presence of free amino acid. Hydrolysis 
mixtures prepared with serum but without substrate were used as controls 
for each determination of enzyme activity and all procedures, including 
the enzymic hydrolyses, were performed in duplicate. 


Results 


As indicated by representative examples in Fig. 1, the hydrolysis of LGG 
by rat serum apparently conforms to the kinetics of a zero order reaction 
until more than 50 per cent of the substrate is hydrolyzed. Therefore, 
until approximately half of the substrate is hydrolyzed, the enzymic 
(LGGase) activity of a known quantity of serum may be reflected quanti- 
tatively by a constant, K%gc, the per cent hydrolysis of LGG per minute. 

No attempt was made to relate K°,gc¢ to serum protein concentration. 
However, that such a linear relationship may exist is indicated by the fact 
that halving or doubling the serum concentration in the hydrolysis mixture 
resulted in a corresponding halving or doubling of the value of Kg. 
Therefore, by using 0.1 ml. of serum per ml. of hydrolysis mixture through- 
out this study, K°.gg may be taken as a measure of enzyme concentration 
and is defined here as the per cent hydrolysis per minute for 0.1 ml. of serum 
per ml. of hydrolysis mixture. In the studies that follow, K°,cc routinely 
was determined at 30 and 60 minutes for each serum sample. 

Mean control K°,gc values under various conditions are shown in Table I. 
In rats fasted 18 hours prior to bleeding, K°,gc averaged 0.34 + 0.022 in 
30 minutes and 0.31 + 0.019 in 60 minutes. In the presence of 0.001 m 
manganese sulfate, there was a striking increase in the LGG-splitting 
ability of rat serum, K°,gq reaching a mean value of 0.88 + 0.032 in 30 
minutes and 0.86 + 0.037 in 60 minutes. This increase is highly signifi- 
cant statistically (P values all less than 0.01). The Aygo values for ani- 
mals fasted for 40 hours were not significantly different from those of 
animals fasted 18 hours. 

The effect of ACE on LGGase activity of the serum of 18 hour fasted 
rats was investigated by determining K°,gq on serum samples obtained 
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PER CENT HYDROLYSIS 
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oO 
——t—— 


104 | 
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20 40 60 80 100 120 
TIME (minutes) 

Fic. 1. Hydrolysis of t-leucylglycylglycine by normal rat serum. These hydrol- 
yses were performed in the presence of 0.001 m MnSQ, as activator. Each symbol 
(O, @, and A) represents the serum of a single rat. Hydrolysis was performed as 
indicated in the text. 


TABLE I 
Hydrolysis of u-Leucylglycylglycine by Fasted Rat Serum 
— : ceils aati pia! 





Period of ae 








fasting Hydrolysis |. ee eee ee Pt 
No activator | 0.001 uw MnSQ, 
hrs. min. 
18 30 0.34 + 0.022t (6)§ 0.88 + 0.032 (9) <0.01 
60 0.31 + 0.019 (5) 0.86 + 0.037 (7) <0.01 
40 30 0.43 + 0.031 (4) 0.78 + 0.053 (4) <0.01 
60 0.38 + 0.023 (4) 0 


.70 + 0.036 (4) <0.01 





* Determined for 0.1 ml. of serum per ml. of hydrolysis mixture. 
t Determined from Fisher’s table (9). 

t Standard error of the mean. 

§ The figures in parentheses indicate the number of observations. 


both immediately preceding and 4 to 8 hours following the intraperitoneal 
injection of ACE (2 ml. per 100 gm. of body weight). Thus, each animal 
served as its own control. The data in Table II indicate that there was 
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no significant increase in mean K°¢¢ values 4 to 8 hours after the adminis- 
tration of ACE. It is of interest that this group includes three animals, 
each of which received 8 ml. of ACE over an 8 hour period, and still no 


TaBLe II 
Effect of Adrenal Cortical Extract on LGGase Activity of Rat* Serum 






































5 ; Pe: 
5 3 3 " Mean K®i¢¢* 
Activator [36 2 3s Pt Remarks 
3 Ee 3 Before injection After injectiont 
| hes. | mim) ora 
None 4) 30} 3] 0.39 + 0.004 | 0.389 + 0.071)/>0.5 
60} 3 | 0.33 + 0.029 | 0.43 + 0.068) 0.2 
8 | 30| 4] 0.35 + 0.018 | 0.45 + 0.078) 0.2} 2 animals of this 
60 | 4/ 0.33 + 0.020 | 0.40 + 0.050} 0.1) group given 8 ml. 
ACE 
0.001 m 4/30] 5 | 0.90 + 0.038 | 1.26 + 0.299) 0.3} 1 animal ill (see 
MnSQ, 60 | 4] 0.85 + 0.059 | 1.00 + 0.181|>0.5} text) 
8 | 30; 1] 0.88 + 0.032§| 0.89 This animal given 
60 | 1] 0.86 + 0.037§ 0.93 8 ml. ACE 








* All the animals were fasted for 18 hours prior to initial determination of K tg. 
Each rat served as his own control. 

{ Unless otherwise stated, each rat received ACE, 2 ml. per 100 gm., body weight, 
intraperitoneally. 

¢ Calculated from the mean difference of K°:gq for each group of rats. 

§ Control values of rats fasted 18 hours (Table I). 














TaBLe III 
Effect of Adrenocorticotropic Hormone on LGGase Activity of Rat Serum 
Control group; Injected group* 
4 observations 
Activator Hydrolysis P 
Mean E109 dees ane a0 
min. 
None 30 0.43 + 0.031 9 0.50 + 0.031 0.1 
60 0.38 + 0.023 7 0.45 + 0.030 0.1 
0.001 mu 30 0.78 + 0.053 9 0.91 + 0.052 0.1 
MnSOQ, 60 0.70 + 0.036 8 | 0.85 + 0.055 0.1 














* Rat weights ranged from 100 to 200 gm. and each animal was bled 8 hours after 
the injection of 2 mg. of ACTH. 


appreciable increase over control values was observed. One animal, 
rather obviously ill, showed a 117 per cent increase in LGGase activity 
4 hours after the administration of ACE, 2 ml. per 100 gm. of body weight. 
Despite this isolated instance, the mean increase in Kg, in this group 
remained insignificant. 
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The influence of ACTH, similarly employed, reflects that of ACE. 
After a 40 hour fast, 100 to 200 gm. rats were given 2 mg. of ACTH sub- 
cutaneously 8 hours before serum samples were taken. Values for K°xgq 
were compared with those of untreated rats fasted 40 hours. Again, as 
indicated in Table III, the difference between control values and those 
observed 8 hours after ACTH injection is statistically invalid. 

Finally, the effect of ACE on mice was investigated. Fed mice were 
bled 4 hours after intraperitoneal injection of 1 ml. of ACE, and K°,¢¢ of se- 
rum, pooled from two or three animals, was determined. Table IV shows 
these K°,gq values compared with a series of untreated controls. Once 
more, there is essentially no difference in mean K°,gq values of the two 
groups. These sera exhibited varying degrees of hemolysis and it was 
noted that the three serum pools which showed no hemolysis had the 











TABLE IV 
Effect of Adrenal Cortical Extract on LGGase Activity of Pooled* Mouse Serum 
Control group; 6 observa- | Injected group;f 7 observa- 
Activator Hydrolysis — — P 
Mean K*i 4, Mean K% 6, 

min. 
None 30 0.33 + 0.049 0.38 + 0.030 0.3 
60 0.32 + 0.034 0.33 + 0.018 >0.5 

















* Each determination was made on sera pooled from two or three mice. 
t Each mouse received 1 ml. of ACE 4 hours prior to bleeding. 


lowest K°,cgc values, averaging 0.23. Furthermore, it was our impression 
that the degree of hemolysis was roughly proportional to increments in 
Keg over the values for non-hemolyzed serum pools. 


DISCUSSION 


The enzymic hydrolysis of LGG by rat serum is quite similar to that 
observed with guinea pig serum (4) and mouse serum (1), in that, under 
the conditions employed, zero order reaction kinetics apparently are 
operative and the enzymic activity is greatly enhanced in the presence of 
manganese sulfate. 

We have been unable to demonstrate that the parenteral administration 
of ACE or ACTH to rats results in any appreciable increase in serum 
LGGase activity. On the contrary, if we exclude the activating effect 
of manganese sulfate, it is our impression that this peptidase activity of 
non-hemolyzed rat serum tends to remain at a relatively constant level. 
In addition, we have found that mouse serum LGGase activity is com- 
pletely uninfluenced by treatment of mice with ACE. These findings 
differ considerably from those of Holman, White, and Fruton (1), who 
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reported increases up to 272 per cent in LGGase activity in the serum of 
mice given doses of ACE and ACTH comparable to those used in this 
study. We can offer no adequate explanation for our failure to confirm 
their results. 

The correlation between the degree of hemolysis present in mouse serum 
samples and the increment in value of K°,e¢ is of interest and immediately 
suggests that LGGase activity is present in mouse erythrocytes. Indeed, 
we‘ have found that K°tgq for washed, packed mouse erythrocytes has a 
mean value of 5.3 for 0.1 ml. of packed erythrocytes per ml. of hydrolysis 
mixture. Thus, per unit volume, the concentration of LGGase activity 
in mouse erythrocytes is 20 times that in mouse serum. Recently, Johan- 
sen and Thygersen (8) have shown that human erythrocytes contain 50 
times as much LGGase activity as human serum. Findings such as these 
emphasize the necessity to avoid hemolysis in making determinations of 
serum Kec. 


SUMMARY 


The initial rate of enzymic hydrolysis of t-leucylglycylglycine by rat 
serum has been found to conform to the kinetics of a zero order reaction. 
In the presence of manganese sulfate this peptidase activity was doubled. 

The administration of adrenal cortical extract or adrenocorticotropic 
hormone to rats was not followed by any appreciable change in peptidase 
activity of unhemolyzed rat serum. Similarly, the serum peptidase ac- 
tivity of mice given adrenal cortical extract was found to be essentially 
the same as that of untreated control mice. 

Increases in mouse serum peptidase activity appeared to be correlated 
with the degree of hemolysis of serum samples. 


We gratefully acknowledge the helpful assistance and advice of Dr. 
Hans Neurath throughout the course of this investigation. 
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METABOLIC STUDY OF THE METHYL GROUPS OF BUTTER 
YELLOW 


By R. A. BOISSONNAS,* ROBERT A. TURNER, anp VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, June 17, 1949) 


In 1936 Kinoshita (1) reported that p-dimethylaminoazobenzene 


(butter yellow, DAB) caused hepatic cancer in the rat. Since that time, 


an extensive study has been made of the carcinogenic action of azo dyes 
and their degradation products. Stevenson, Dobriner, and Rhoads (2) 
found that DAB was demethylated duritig the course of its metabolism, 
and Miller, Miller, and Baumann (8) showed that some demethylation 
occurred prior to cleavage of the azo linkage. The latter workers found 
also that monomethylaminoazobenzene can be methylated in the body 
to form DAB. Jacobi and Baumann (4) observed that the severity of 
kidney hemorrhages resulting from choline deficiency could be mitigated 
by feeding DAB, and they suggested that DAB might act as a methyl 
donor. However, Baumann (5) recently attributed the protective action 
of DAB to causes other than transmethylation. On the other hand, 
Gyorgy (5) has pointed out that “ceroid’”’ pigment formation is depressed 
in the same direction by DAB as it is by choline and methionine. 

In the present investigation a study on the fate, in the rat, of the methyl 
groups of DAB has been made through labeling of the methyl groups 
with C“. For this purpose a new synthesis of DAB was devised, with 
monomethylaminoazobenzene as the starting point and methyl iodide and 
sodium in liquid ammonia as a methylating agent. The radioactivity of 
the butter yellow was 4.78 X 10° counts per minute per mg. 

A choline-free casein diet was used in which DAB was found to be stable. 
The level of DAB in the diet was 0.1 per cent. A higher level was not 
employed on account of the toxicity of the compound. During the first 
5 days the diet intake was low and the rat lost weight, but during the last 
5 days the diet intake was higher and the rat gained weight steadily. 
A relatively low food intake and a subnormal rate of growth have been 
previously observed with rats fed DAB (6). 

After 10 days the rat (weight, 77.4 gm.) fed radioactive DAB was 
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sacrificed, and choline and creatine were isolated. The data are recorded 
in Table I. Assuming that the total amount of choline in the rat js 
approximately 0.1 per cent and the creatine 0.23 per cent of the body 
weight (7, 8), less than 0.003 per cent of the total radioactivity ingested 
(0.22 mc.) appeared in the body choline and less than 0.006 per cent in 
the body creatine. These values are well within the experimental error 
of the procedure. On the normal diet employed in this work we have been 
unable to detect transmethylation from butter yellow. 

It might be recalled that in an experiment of Keller, Rachele, and du 
Vigneaud (9), in which methionine labeled in the methyl group was fed 
for 4 days, the isolated choline possessed a radioactivity of 4.066 x 105 
counts per minute per mm of methyl group. The rat ingested 3.98 mu 
of the methionine possessing 3.650 < 10° counts per minute per mm 


TABLE I 
Radioactivity of Isolated Choline and Creatinine As Compared to Ingested DAB 





Counts per min. 














Compounds € 
Per mg. Per mm methy] group 
Ingested radioactive DAB.............. 4.78 X 105 5.38 X 10’ 
Isolated choline chloroplatinate........ 16+ 1 <165 
" creatinine chloroplatinate.... 19+1 <610 





On the assumption of a 0.1 per cent choline content in the animal (7), 
these results would indicate that approximately 18 per cent of the total 
radioactivity ingested appeared in the choline. 

Of the total radioactivity ingested as DAB, 57 per cent appeared in the 
expiratory carbon dioxide and 1.3 per cent in the urinary urea. The 
specific activities of the carbon of the expiratory carbon dioxide and of the 
carbon of the urea were the same, within the limits of experimental error. 
This is in agreement with the results of Mackenzie and du Vigneaud (10). 

As this experiment proved that oxidative demethylation occurred to a 
large extent, we measured the rate of appearance of the radioactivity in 
the expiratory carbon dioxide after a single dose of radioactive DAB was 
administered in the diet to a rat which had previously been fed ordinary 
DAB. The result of this experiment is plotted in Fig. 1. The large 
amount of radioactive carbon dioxide expired during the first 10 hours 
following the feeding of radioactive DAB showed that the DAB was ox- 
idized rapidly. It is not possible from these experiments to state whether 
DAB or one of its degradation products was oxidatively demethylated 
to the greater extent. 

It would be of interest to study the oxidation of the methyl group of 




















orded 
‘at is 
body 
ested 
nt in 
error 
been 


d du 
s fed 
< 108 
3 mM 

mM 




















BOISSONNAS, TURNER, AND DU VIGNEAUD 1055 


DAB as well as the problem of transmethylation with DAB under dietary 
conditions particularly favorable for tumor formation. 


EXPERIMENTAL 


Synthesis of Radioactive p-N ,N-Dimethylaminoazobenzene (DAB)—In 
agreement with Miller and Baumann (11) we found that the direct methyla- 
tion of p-aminoazobenzene with methyl iodide according to Berju (12) 
led to a mixture of compounds. Every attempt to improve the synthesis 
by using solvents and acid-neutralizing agents was unsuccessful. We 
devised a one-step synthesis from monomethylaminoazobenzene, using 
methyl iodide and sodium in liquid ammonia. 0.017 ml. (0.42 mm) of 
C'-methanol with a radioactivity of 1.28 mc. was diluted with 0.064 ml. 
(1.58 mo) of ordinary methanol and converted to methyl iodide by bubbling 
it in a current of dry nitrogen through boiling hydriodic acid according 
to the procedure of Melville, Rachele, and Keller (13). The 0.12 ml. 
(1.88 mm) of C*-methyl iodide obtained was bubbled during a period of 
3 minutes in a current of dry, oxygen-free nitrogen into a solution of 422 
mg. (2.0 mm) of p-N-methylaminoazobenzene (11) and 46 mg. 
(2.0 mm) of sodium in 75 ml. of dry liquid ammonia at —60° to —50° 
with continuous stirring. After 15 minutes, the initially red solution 
turned yellow, and an orange precipitate appeared. The liquid ammonia 
was evaporated, and the resulting crystalline solid was dissolved in 50 ml. 
of 95 per cent ethanol. 42 ml. of water were added dropwise with stirring 
over a period of 20 minutes. A crystalline precipitate appeared, which 
was kept at 0° for 15 minutes, filtered, washed 3 times with 3 ml. of 55 
per cent ethanol, and dried for 1 hour at 95° in vacuo. The yield of DAB 
was 196 mg. (43.5 per cent of the theoretical amount, calculated on the 
basis of the methanol). Failure to obtain a higher yield can beexplained 
by a partial ionization of the sodium salt of the amine during thesynthesis. 
A small amount of water in the ammonia did not affect the yield appre- 
ciably. 

The micro melting point was 114-116° (corrected), and after admixture 
with an authentic sample of DAB, it was 116.5-117°. The absorption 
spectrum of the compound was the same as that of authentic DAB. The 
radioactivity, measured after combustion of DAB and isolation of its 
carbon as BaCO; (13, 9) was 4.78 X 10° counts per minute per mg. of 
DAB, or 5.38 X 107 counts per minute per mm of methyl group. 

Diet—The diet possessed the following percentage composition: DAB 
0.1, vitamin-free casein (Smaco) 20.0, Osborne and Mendel salt mixture 
(14) 4.0, sucrose 55.9, hydrogenated vegetable oil 19.0, corn oil 1.0. It 
also contained vitamins in the amount included in a choline-free diet by 
Wilson and du Vigneaud (15). The diet was administered ad libitum. 
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At the end of the control experiment, the percentage of DAB in the 
diet remaining in the diet cup was measured according to the procedure of 
Miller and Baumann (11). No monomethylaminoazobenzene or amino- 
azobenzene was detected. The quantitative colorimetric analysis showed 
that neither demethylation nor cleavage of the azo linkage had taken place 
in the diet under the conditions of the experiment. 

Determination of Lability of Methyl Groups of DAB—As a control of 
the effect of radioactivity, a 75 gm. female rat was fed for 10 days on a 
diet containing ordinary DAB. After a decrease in weight during the 
first 3 days to 72 gm., the rat started to grow again, and weighed 77.4 gm. 
at the end of the experiment. The average daily food intake was 4.7 gm. 

The diet containing radioactive DAB was administered for 10 days to a 
108 gm. female rat placed in an open circuit, metabolism apparatus (16), 
and the expired carbon dioxide was collected continuously in sodium hy- 
droxide solution. The urine was collected in dilute sulfuric acid. The 
weight of the rat dropped to 89.4 gm. during the 5 days before the animal 
became accustomed to the diet. The rat weighed 93.6 gm. at the end of 
the experiment. The average daily food intake was 5.5 gm. during the 
last 5 days, as compared with 2.3 gm. during the first 5 days. The total 
food consumption was 38.9 gm., corresponding to 38.9 mg. of radioactive 
DAB, with a total count of 1.86 < 10’ counts per minute. 

At the end of the feeding period the rat was sacrificed. Choline was 
isolated from the carcass as choline chloroplatinate (17), which was re- 
crystallized six times from water-ethanol mixtures. Creatine was isolated 
as creatinine potassium picrate (17), and recrystallized four times from 
water. It was then converted to creatinine chloroplatinate and recrystal- 
lized three times from water-ethanol mixtures. The amount of the chloro- 
platinates left after the recrystallizations, in which the recovery was 
purposely low, was 2.6 mg. in the case of the choline chloroplatinate and 
2.2 in that of the creatinine chloroplatinate. The radioactivity of each 
chloroplatinate was determined alternately with that of the BaCO; sample 
obtained by combustion of DAB. The radioactivities found, corrected 
for background and self-absorption, are recorded in Table I. The radio- 
activities obtained were so low as to make further purification purposeless. 

As the total amount of choline in a rat is approximately 0.1 per cent of 
the body weight, the total amount of radioactivity in the choline of the 
rat fed DAB was less than 380 counts per minute, which was less than 
0.003 per cent of the radioactivity ingested. 

As the total amount of creatine in a rat is about 0.2 per cent of the body 
weight, the total amount of radioactivity in the creatine of the rat fed 
DAB was less than 860 counts per minute, which was less than 0.006 per 
cent of the radioactivity ingested. 
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Measurement of Radioactivity of Expiratory Carbon Dioxide and of 
Urinary Urea—The expiratory carbon dioxide collected every day in 2.5 
n sodium hydroxide solution was precipitated as barium carbonate and the 
radioactivity was determined. The percentage of the radioactivity in- 
gested as butter yellow which was found in the expiratory carbon dioxide 
was 40 per cent for the first 5 days and 57.5 per cent for the 10 day pe- 
riod. The specific radioactivity of the expiratory carbon dioxide of the 
10 day period was 28.2 counts per minute per mg. of BaCO3. 

The urine for the 10 day period was collected in 0.1 N sulfuric acid, 
and kept at 0°. It was aerated, neutralized by sodium hydroxide, buffered 
to pH 7, and treated with urease. The carbon dioxide was collected in 
sodium hydroxide solution, and precipitated as BaCO;. The specific 
radioactivity was 27.2 counts per minute per mg. of BaCO;. The total 
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Fic. 1. Per cent of ingested radioactivity in expiratory carbon dioxide 


radioactivity present in urine as urea was 1.3 per cent of the radioactivity 
ingested. 

Rate of Appearance of Radioactivity in Expiratory CO.—An 89 gm. 
female rat was fed for 4 days on the ordinary DAB diet already described. 
The average daily food intake was 5.7 gm., and the rat weighed 87 gm. 
at the end of the 4 days. Then the ordinary DAB diet was removed 
and replaced by radioactive DAB diet for 1 hour at the ordinary meal 
time of the rat. The rat ate 0.9 gm. of the radioactive diet, that is, 0.9 
mg. of radioactive DAB. Then the rat was again given the ordinary 
DAB diet. The average food intake during the following 2 days was 6.6 
gm., and the rat weighed 89.2 gm. at the end of the experiment. 

The expiratory carbon dioxide was collected at intervals in sodium 
hydroxide solution and the radioactivity was measured after precipitation 
of the carbon dioxide of the sample as BaCO;. The results are plotted 
in Fig. 1. 
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SUMMARY 


p-N ,N-Dimethylaminoazobenzene (butter yellow, DAB) containing 
C™ in the methyl groups has been synthesized by methylation of mono- 
methylaminoazobenzene with use of methyl iodide and sodium in liquid 
ammonia as a methylating agent. The radioactive DAB was fed to a rat 
on a relatively normal casein diet for 10 days, and the choline and creati- 
nine were then isolated from the carcass of the rat. The radioactivity of 
the choline and creatine was found to be negligible, showing that no ap- 
preciable transmethylation, if any, to those compounds had taken place. 

The expiratory carbon dioxide contained the major fraction of the in- 
gested radioactivity. The specific radioactivities of the carbon of the 
expiratory carbon dioxide and of the urinary urea were found to be the 
same. 


The rate of appearance of the radioactivity in the expiratory carbon 
dioxide after the feeding of a single dose of radioactive DAB showed that 
oxidation of the methyl] groups occurred rapidly. 
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A METABOLIC STUDY OF a-AMINOBUTYRIC ACID* 


By MARVIN D. ARMSTRONG anp FRANCIS BINKLEY 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders and the 
Departments of Biological Chemistry and Medicine, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, May 18, 1949) 


A metabolic occurrence of a-aminobutyric acid was indicated by recent 
work of Dent, who reported the identification of a-aminobutyrie acid in 
the urine of a patient with hepatic disease following the administration 
of large amounts of methionine (1). Later Fromageot and Clauser found 
(2) that a mixture of a-aminobutyric acid and choline was able to increase 
the growth of rats on a methionine-deficient diet. These experiments 
could be interpreted as indicating that the cleavage of the thioether 
cystathionine might be reductive in nature, instead of hydrolytic as had 
been previously suggested (8). 


NH; 
HO—CH.CH.:—CH—CO0.H 
au 74 Homoserine 

CH.—CH—CO:H /+HOH ie 
8 NH, +2H + HS—CH.—CH—CO.H 
\ 

CH,—CH:—CH—CO.H ™~ Cysteine 

NH, 


CH;—CH,—CH—C0:H 
a-Aminobutyric acid 


A further interest in a-aminobutyric acid was stimulated by the finding 
of Teas, Horowitz, and Fling (4) that homoserine could serve as a precursor 
of both methionine and threonine for a mutant strain of Neurospora 
crassa. This, of course, raised the possibility that the 4-carbon chain of 
methionine and of threonine might be the fragment necessary in the diet 
of the white rat for their synthesis. Examination of the literature showed 
that experiments had not yet been reported which could preclude the 
possibility that threonine might arise from a-aminobutyric acid by a 


* This research was supported by a grant from the United States Public Health 
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mechanism as simple as a,8-dehydrogenation followed by readdition of 
water to the unsaturated amino acid formed. 


NH, NH; 


wes | HOH 
CH,—CH,—CH—co,H —4, cu,-cH=c—co.n 208%, 


OH NH, 
| | 
CH,—CH—CH—C0O.H 


Diets lacking in methionine and in threonine, but adequate in all other 
respects, were administered to young white rats, and the ability of a-amino- 
butyric acid to substitute for each of these was tested. The results of the 
experiments, presented in Tables I and II, show that a-aminobutyric acid 
can neither substitute for threonine nor provide the 4-carbon chain for 
the synthesis of methionine under the conditions of the experiment. 

The results of this experiment, however, do not definitely imply that 
in nature a synthesis of either amino acid from aminobutyric acid may 
not possibly occur under other conditions. It has been shown, for instance, 
that homoserine cannot substitute for either methionine (5) or threonine 
(6) in the diet of the rat, in spite of the fact that it can serve as a precursor 
for both amino acids for Neurospora. 

An excellent explanation for Dent’s observation of the presence of 
a-aminobutyric acid in the urine of a patient with hepatic injury following 
the administration of methionine has been offered by Carroll, Stacy, and 
du Vigneaud as a result of their finding that homoserine is converted 
to a-ketobutyric acid by liver enzymes. Thus, methionine could be con- 
verted to cystathionine, which would cleave to homoserine, and thence to 
a-ketobutyric acid which might undergo reductive amination to a-amino- 
butyric acid (7). 

The results of Fromageot and Clauser appear to be somewhat more 
difficult to reconcile with our findings. A difference between their diet 
and ours was that their diet caused maintenance but did not support 
growth, whereas on our methionine-deficient diet the rats suffered a rapid 
loss in weight. The possibility thus remains that, in a diet containing a 
minimal amount of methionine, a-aminobutyric acid can support growth 
This possibility was not tested, as the purpose of the present experiment 
was to test the availability of a-aminobutyric acid to substitute for methi- 
onine and for threonine under conditions which would show it to be a 
normal, and perhaps necessary, intermediate in amino acid metabolism. 
A less likely explanation of the divergence of our results might lie in the 
fact that, since arachin was the source of the amino acids in their diet, 
some unknown factor could have been present, which, in the presence 
of a-aminobutyric acid, caused growth to occur. 
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EXPERIMENTAL 


A litter of young white rats was used for the feeding experiment. The 
basal synthetic diet had the following composition: amino acid mixture 
(exclusive of threonine and the sulfur-containing amino acids) 20.0, sucrose 
43.0, Spry 26.0, salt mixture (General Biochemicals, Inc., Salt Mixture 2) 
4.0, cod liver oil 5.0, and agar 2.0 parts, respectively. The amino acid 


TABLE I 
Results of Growth Experiments on Threonine-Deficient Diet 





Average | Avene F 
Rat No. Days daily food weight Supplement to basal diet 
intake change | 
gm. gm. | per cent 
189); 1-8] 5.4 +1.6 | 0.8 pt-methionine + 1.4 pL-threonine 
9-20; 5.5 +2.4 | 0.8 - + 1.4 * 
179| 1-8| 4.6 40.9 | 0.8 y +1.4 “ 
920; 2.5 | —0.9 | 1.4 ss + 1.5 pL-aminobutyric 
| acid 
21-30 | 3.1 —0.8 | 1.4 pt-methionine + 1.5 pL-aminobutyric 
| acid 
22 9 1- 8 2.9 —1.8 1.4 pi-methionine 
920; 1.9 | -0.5 | 1.4 ” + 1.5 pL-aminobutyric 
| | acid 
| 21-30 2.2 —0.7 | 1.4 pt-methionine + 1.5 pL-aminobutyric 
| acid 
23 9 1- 8 2.3 | ~—1.6 | 1.4 pL-methionine 
| 920} 1.8 —0.7 | 1.4 “ + 1.5 pt-aminobutyric 
| } acid 
| 21-23 2.3 —1.3 | 1.4 pL-methionine + 100 mg. aminobutyric 
| acid per day 
| 24-30; 2.6 +1.3 / 1.4 pL-methionine + 60 mg. pbL-threonine 
| per day 
24} 1-8) 2.5 —1.8 | 1.4 pt-methionine 
9-20 2.0 —0.4 | 1.4 * 
7 —0.5 | 1.4 . 


21-30 S 


mixture was composed of crystalline amino acids and was essentially that 
reported by Rose and Rice (8), with the exception that serine, proline, 
and hydroxyproline were omitted and the relative amounts of the re- 
maining amino acids were altered slightly. The water-soluble vitamins 
were given as a solution, each rat receiving daily in two portions 1.0 cc. of 
a solution which contained 20 y of thiamine chloride, 20 y of riboflavin, 
20 y of nicotinic acid, 20 y of pyridoxine hydrochloride, 100 y of 
calcium d-pantothenate, and 25.0 mg. of choline chloride. p1i-Methio- 
nine, L-cystine, and DL-a-aminobutyric acid were incorporated in the 
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diets in the amounts shown in Tables I and II and an equal weight of 
sucrose was omitted from the diet. Food and water were allowed ad lib. 
ttum, the food consumption was measured daily and the animals were 
weighed at intervals. 

The results of the experiment are tabulated in Tables I and II. [t 
is apparent that in the case of both experiments the animals receiving 


TaBLeE II 
Results of Growth Experiments on Methionine-Deficient Diet 
Average anoceee 
Rat No.} Days | daily food | wa y. Supplement to basal diet 
intake dale. 
| 
gm. gm, per cent 
16a | 1-8] 5.3 | +2.0 | 0.8 pt-methionine + 1.4 pL-threonine 
9-20 3.0 | —0.4 | 1.5p1L-aminobutyric acid + 1.0 L-cystine + 1.4 
| pL-threonine 
21-30 3.4 | -0.9 11.5 DL-aminobutyric acid + 1.0 L-cystine + 
| 


1.4 pi-threonine 

18 9 1- 8 5.4 +1.6 | 0.8 pL-methionine + 1.4 pL-threonine 

9-20 5.5 +2.4 | 0.8 . + 1.4 cb 

21-30 3.0 .0 L-cystine + 1.4 pt-threonine + 100 mg. p1- 
aminobutyric acid per day 


| 
ry 
1?) 
+ 


19 9 1- 8 3.3 —1.3 | 1.0 L-cystine + 1.4 pL-threonine 
9-20 3.0 0.3 | 1.0 . + 1.4 “ + 1.5 DL 
aminobutyric acid 
21-30 3.0 —0.4 | 1.0 L-cystine + 1.4 pL-threonine + 100 mg. pL- 


aminobutyric acid per day 





20 9 1- 8 3.1 —1.5 | 1.0 L-cystine + 1.4 pi-threonine 
9-20 2.8 +0.2 | 1.0 5 + 1.4 - + 1.5 DL 
aminobutyric acid 








aminobutyric acid 





| 21-30 | 2.5 —0.5 | 1.0 u-cystine + 1.4 pt-threonine + 1.5 pi 


219/] 1-8 |} 2.9 —1.1 | 1.0 L-cystine + 1.4 pL-threonine 
| 9-20, 2.3 | —0.25 | 1.0 i" + 1.4 wi 
| 21-30; 2.2 | -0.2 |10 “ +1.4 % 





the aminobutyric acid supplements declined at about the same rate as 
the animals receiving no supplement. 


SUMMARY 


It has been found that pL-a-aminobutyric acid cannot substitute as a di- 
etary precursor in the white rat for the 4-carbon basic fragment either of 
methionine or of threonine in diets containing pure amino acids instead 
of protein as a source of nitrogen. 
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A FLUOROMETRIC METHOD FOR THE ESTIMATION OF 
TRYPTOPHAN* 


By MALCOLM GORDON? ann HERSCHEL K. MITCHELL 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, May 7, 1949) 


The various colorimetric methods now employed for the estimation of 
tryptophan are not specific for tryptophan but give colored products 
with many compounds containing the indole nucleus, including indole 
itself. In order to facilitate studies of the enzymatic synthesis of tryp- 
tophan from indole and serine by extracts of Neurospora (1), a search for a 
rapid, quantitative method for the estimation of tryptophan in the pres- 
ence of indole was undertaken. Tauber (2) reported that tryptophan 
gives a green fluorescence when treated with 70 to 72 per cent perchloric 
acid at room temperature. Modification of this procedure has led to a 
method for the rapid estimation of tryptophan, without preliminary ex- 
traction of indole, in hydrolyzed or unhydrolyzed tryptophan-containing 
materials. 


EXPERIMENTAL 


Apparatus—Intensity of fluorescence is measured with a Coleman elec- 
tronic photofluorometer, model 12B. The light entering from the mercury 
vapor lamp is caused to pass through a PC-3 filter and the resulting fluores- 
cence through a PC-10 filter. A 2 in. round test-tube of the type ordinarily 
used with this instrument is fitted with a leucite ring bored to support a 
22 X 100 mm. test-tube inside the larger tube. Test solutions are placed 
in the inner tube. A volume of 2.5 ml. is sufficient to allow the entering 
light to focus in the test solution. Under these conditions readings are 
reproducible to within +2 scale divisions. 

Reagents— 

1. 70 to 72 per cent perchloric acid (Merck reagent). 

2. Aqueous indole. Dissolve 117 mg. of indole (Eastman) in 100 ml. 
of distilled water. 

3. Aqueous y-(indole-3)-n-butyric acid. Dissolve 10 mg. of y-(indole-3)- 
n-butyric acid (Eastman) in 100 ml. of distilled water. 


* This work was supported bv funds from the Rockefeller Foundation and by funds 
from the Atomic Energy Commission, administered through contract with the Office 
of Naval Research, United States Navy (contract N-6-onr-244, Task Order 5). 

t Merck Fellow of the National Research Council. 
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4. 10 per cent acid-hydrolyzed casein (Nutritional Biochemicals Corpo- 
ration). 

5. Phosphate buffer, pH 7.5 to 8.0. Dissolve 14.7 gm. of disodium 
hydrogen phosphate (Merck reagent) in distilled water and make up toa 
liter. Adjust pH with phosphoric acid. 

6. Supplement. Mix 1 ml. of indole solution, 1 ml. of y-(indole-3)-n- 
butyric acid solution, and 1 ml. of 10 per cent acid-hydrolyzed casein. 
Dilute to 10 ml. with phosphate buffer. The supplement should be made 
up fresh weekly and kept in a refrigerator when not in use. 

Procedure for Assay—In order to obtain results which have quantitative 
significance it is necessary to stabilize the fluorescence. Such stabili- 
zation can be effected by the use of the supplement described above. 
The sample to be tested is taken up in the phosphate buffer and 0.4 ml. 


TABLE I 


Fluorescence Obtained by Treating Certain Indole Derivatives with 70 to 72 Per Cent 
Perchloric Acid 


Each tube contains 0.05 um of the compound. 





Scale 








Compound ae | Compound reading 
Indole* 2 | B-(Indole-3)-n-propionic acid 70 
Indole-2-carboxylic acid 1 | y-(Indole-3)-n-butyric acid 35 
Indole-3-carboxylic acid 2 | Tryptophan* 100 
3-Methylindole 38 
Indole-3-acetic acid 55 | 














*The photofluorometer is adjusted to a zero scale reading with a mixture of 05 
ml. of distilled water and 2 ml. of 70 to 72 per cent perchloric acid. The sensitivity 
is so adjusted that the tryptophan tube reads 100. 


is added to 0.1 ml. of the supplement solution. 2 ml. of perchloric acid 
are added rapidly at room temperature, the solution is well mixed, warmed 
for 1 hour at 40°, and allowed to cool to room temperature. A series of 
tubes prepared in the same manner containing 0, 2, 4, 6, and 8 y of tryp- 
tophan is used to adjust the photofluorometer. The instrument is adjusted 
to a zero scale reading with the blank tube and the sensitivity is adjusted 
with the 8 y tube to a scale reading of 100. The intermediate tubes will 
read approximately 25, 50, and 75, respectively. The unknown solutions 
are read with this setting of the instrument. Occasional readjustments 
of the zero and 100 readings are desirable during the course of a large num- 
ber of determinations. Since the intensity of fluorescence slowly dimin- 
ishes, it is necessary to adjust the instrument with a control series prepared 
at the same time as the unknown solutions. The linear relationship 
between the intensity of fluorescence and the concentration of tryptophan 
persists for about 24 hours. 
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po- Influence of Various Materials on Relative Stability of Fluorescence—The 
relative stability of fluorescence is a sensitive function of several materials 
um which do not contain tryptophan. High concentrations of many inorganic 
Oa 
TABLE II 
we Tryptophan Found in Various Materials (in Per Cent Tryptophan) 
ein, Material | Unhydrolyzed* Hydrolyzed Literature values 
ade = . ahi ne Jee Be Fe) = 
Albumin egg scalest | 2.04 | 1.88 
tins 1.98 1.96 
ee 2.04 
bili- Crystalline bovine serum al- 0.72 0.68 0.57 (4) 
ove. | bumint 0.76 | 0.70 0.65 (5) 
ml. | 0.69 0.65 | 0.68 (5) 
Casein§ 1.40 | 1.33 | —-:1.82 (4) 
1.32 | 5a | 1.88 (5) 
Cent 1.38 1.24 | 1.54 (6) 
Edestin|| 1.44 1.30 1.3 (7) 
1.46 1.29 1.3 (8) 
1.38 1.32 1.2 (A) 
cale 1.4 (10) 
= Gelatin { 0.016 0.010 | 0.0 (11) 
0 0.021 0.012 | 0.0 (9) 
. 0.017 | 0.1 (12) 
10 Gluten** 0.84 0.75 | 0.91 (4) 
0.86 0.81 | 0.93 (6) 
0.94 | } 1.2 (13) 
Zeintt 0.22 | 0.21 0.2 (14) 
of 0.5 0.20 0.19 | 0.2 (9) 
tivity | | 0.0 (12) 
Hot water Neurospora extract 0.34 0.30 
(autolyzed) 0.32 0.29 
. acid Acid-hydrolyzed casein + 2% 2.00 1.89 
added tryptophan 2.08 | 1.84 
Ny ed ™ . 
a ia aa eC 
‘ies of 2 | 
tryp- * Separate determinations on the same sample. 
usted |} + Albumin egg scales, J. T. Baker Chemical Company. 
‘usted t Crystallined bovine serum albumin, the Armour Laboratories, G 4502 plasma. 
é vl § Casein, vitamin-free S. M. A. Corporation batch No. 12537. 
o bi || Edestin, laboratory sample of unknown origin. 
utions { Gelatin, Difco batch No. 326614. 
ments ** Gluten, Braun, Knecht, Heimann Company. 
.num- tt Zein (corn), Pfanstiehl Chemical Company, batch No. 536. 
dimin- : 
»pared ions, concentrations of organic materials above 10 mg. per tube, prolonged 
onship heating or exposure to direct sunlight or ultraviolet light, and either too 
high or too low a concentration of hydrogen ion cause uneven fading of 
ophan yarog g 
fluorescence. The NasHPQ, adjusts for this last effect, except in strongly 
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alkaline or acidic solutions, In such cases the sample should be neutralized 
before being taken up in the buffer solution. 

Occasional samples of perchloric acid, when mixed with tryptophan 
by the described procedure, will not produce the substances which fluoresce 
under ultraviolet light. It seems probable that these samples are con- 


taminated with one or more agents which inhibit fluorescence. 


sor 


40/— 


20}-— 





% INDOLE CONVERTED TO TRYPTOPHAN 


i | | | | | L | 





0 
1 2 3 + 
TIME (in hours) 
Fic. 1. Per cent conversion of indole to tryptophan by extracts of Neurospora. 
O, calculated from tryptophan found by perchloric acid method; @, calculated from 


indole found by xanthydrol method of Fearon. 


Specificity of Test—Table I gives data comparing the fluorescence ob- 
tained when 0.05 um of several compounds containing an indole nucleus is 
treated with 70 to 72 per cent perchloric acid. Tests for tryptophan 
based upon its reaction with aldehydes in the presence of mineral acids 
are thought to be characteristic of indole and indole derivatives containing 
a hydrogen-substituted 2-carbon atom. In contrast, the fluorescence ob- 
tained in this test appears to be a function of both a hydrogen-substituted 
2-carbon atom and a side chain in the 3 position of the indole nucleus. 

Estimation of Tryptophan in Various Organic Materials—Table II gives 
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tryptophan values obtained by the above procedure for various substances 
both before and after hydrolysis for 1 hour with 2 N NaOH. All samples 
were dried 7m vacuo for 4 hours at 65° over P.0;. Literature values 
for tryptophan in similar materials are listed for comparison. 

Fig. 1 is a plot of the increase of tryptophan concentration found by 
this method when a crude dialyzed Neurospora extract is treated with 
pyridoxal phosphate, indole, and serine, and incubated at 35° at pH 
7.8. On the same graph is plotted the percentage conversion of indole to 
tryptophan obtained by measuring the decrease in indole concentration 
by the method of Fearon (3). 


DISCUSSION 


The nature of the reactions involved in the method herein described 
is unknown. Therefore, justification of the use of the recommended 
mixtures of amino acids, indole, and y-(indole-3)-n-butyric acid to obtain 
relative stability of fluorescence must be a strictly empirical one. How- 
ever, other workers have recommended the use of amino acid mixtures 
to stabilize tryptophan in highly acidic solutions (4, 15, 16). Graham 
et al. (4) suggest the use of 35 mg. of gelatin in order to stabilize the color 
obtained when tryptophan is estimated by the Bates (17) procedure. 
Since the samples of gelatin tested during this investigation contained 
detectable traces of tryptophan, attempts were made to obtain relative 
stability of fluorescence by use of acid-hydrolyzed casein. All experi- 
ments with this in view were negative and the addition of an indole-con- 
taining compound with a side chain in the 3 position was required before 
adequate stability was obtained. The test was standardized with 
y-(indole-3)-n-butyric acid because of the low fluorescence produced by 
it in this procedure. Although the test could no doubt be modified by 
using small amounts of tryptophan itself as the stabilizing indole compo- 
nent, it seems less ambiguous to use a material which is unknown in bio- 
logical systems. 

Readings on solutions containing 1 to 8 y of tryptophan can be re- 
produced to within +2 scale divisions. However, with scale readings 
below 50, this represents an error of at least 4 per cent, depending upon 
where the reading falls on the scale. If the samples to be tested are chosen 
so that they contain 6 to 8 y of tryptophan, determinations can be repeated 
with an error of not more than +5 per cent. 

Tauber (18) has reported that small quantities of dichromate enhance 
the fluorescence obtained in his qualitative test. With the quantities 
of tryptophan used in this work, dichromate was found to have a deleterious 
effect on the stability of the fluorescence. 
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SUMMARY 


A new method for the estimation of tryptophan has been described, 


Tryptophan can be quantitatively determined in unhydrolyzed proteins, 
Determinations are reproducible approximately to within 5 per cent. 


me woe 
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SEPARATION OF ENZYMES ON THE FILTER PAPER 


CHROMATOPILE* 
By HERSCHEL K. MITCHELL, MALCOLM GORDON,+ anp FRANCIS A. 
HASKINS 
(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, June 21, 1949) 


A recent report from this laboratory described a method for isolation 
of low molecular weight compounds by chromatography on a pile of filter 
paper disks (1). Preliminary experiments have now been completed on 
the application of this method to the separation of enzymes. It was 
expected that a mixture of enzymes could be placed near the top of a 
filter paper pile and fractionated by imposing a gradient (7.e. pH, organic 
solvent, or salt concentration) on the column, thus taking advantage of a 
continuous process. Following the observation of Tiselius (2) it also 
seemed probable that enzyme separations could be obtained on the filter 
paper pile by salting-out, adsorption and adsorption displacement. 


EXPERIMENTAL 


Concentration Gradients—Although some separation of adenosine de- 
aminase was obtained from amylase in taka-diastase by means of a pH 
gradient in 0.1 m phosphate buffer, more promising results were derived 
from the use of an (NH,)2SO, concentration gradient. The following 
experiment is illustrative. Taka-diastase (300 mg. of 525 per cent with 
respect to amylase activity; Parke, Davis and Company) was dissolved in 
20 ml. of water and taken up on twenty sheets of 9 cm. Whatman No. 1 
filter paper. After drying at room temperature, the twenty disks were 
incorporated at forty disks from the top of a 500 sheet pile (1). The 
entire apparatus and solvents were equilibrated at 10°. The solvent 
distributor and syphon were filled with 60 per cent saturated (NH,).SO, 
solution (pH 6.5)! and the syphon tube placed in a beaker containing 100 
ml. of the same (NH,).SO, solution. The solvent surface was placed 
level with the top of the column. Distilled water was added from a drop- 


* This work was supported by funds from the Rockefeller Foundation and by 
funds from the Atomic Energy Commission administered through contract with the 
Office of Naval Research, United States Navy, contract No. N-6-onr-244, Task Or- 
der 5. 

+ Merck Fellow of the National Research Council. 

1 All (NH,)2SO, concentrations are given for 10°. All pH values were determined 
without dilution with a Beckman pH meter. 
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ping funnel at such a rate as to maintain the solvent level in the beaker. 
A thorough mixing was obtained by a stirring motor. After 8 hours the 
column had taken up 275 ml. of solvent in 450 paper disks. The column 
was removed from the clamp and alternate sections of five disks each 
were removed and cut into 0.5 X 4 cm. strips for measurement of activity 
on five sheets at a time. Activities of amylase (3), adenylic acid phos. 
phatase (3), and adenosine deaminase (4) were measured by methods 
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Fic. 1. Separation of three enzymes on the filter paper chromatopile with an 
(NH,)2SO, gradient at pH 6.5. Salt concentration in per cent saturation at 10°; 
Disk 30, 14 per cent; Disk 120, 20 per cent; Disk 202, 40 per cent; Disk 280, 50 per 
cent. 


previously described. Paper strips from each section were dropped directly 
into the substrate solutions without extraction of the enzymes from the 
paper or removal of the (NH,)2SO,. Controls of unfractionated taka- 
diastase were carried out in the same fashion. The results of one experi- 
ment of this kind are summarized in Fig. 1. The figures for (NH,).S0, 
concentration are calculated as per cent saturation at 10° based on the 
average volume of solvent per disk (0.61 ml.) in the pile. These values 
were determined by extraction of sheets in hot water, followed by a color- 
imetric determination of NH; by nesslerization. The calculated total 
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recoveries of enzyme activities were adenosine deaminase 85 per cent, 
amylase 120 per cent, and phosphatase 65 per cent. These values are 
based on controls with the original enzyme solutions absorbed on paper. 
Similar results were obtained by extraction of the enzymes from the paper 
before measurement of the activities, but this procedure was cumbersome 


/ and found to be unnecessary. 


Although extensive investigations have not been carried out to deter- 
mine the effects of various salts, the effect of a pH gradient in a constant 
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DISK NUMBER 


Fie. 2. Movement of adenosine deaminase in the chromatopile at different 
(NH,)2S0, concentrations and at pH 6.5. @, 20 per cent saturation; O, 31 per cent 
saturation; dash line, 45 per cent saturation. 


salt concentration has been considered to a limited extent. These experi- 
ments were prompted by the finding that, in second runs with samples of 
twenty disks taken from activity peaks of amylase and adenosine deaminase 
from a preliminary pile fractionation, both enzymes failed to move signifi- 
cantly. The second runs were carried out at pH 6.5 in (NH,).SO, concen- 
trations as low as 10 per cent saturation. A pH gradient was therefore 
produced in 30 per cent saturated (NH,)2SO, solution by dropwise addition 
of the salt solution, 0.25 m in NH,OH, to salt solution 0.1 m in phosphate 
buffer in the same fashion previously described for producing a salt gradi- 
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ent. Amylase activity was found to move satisfactorily in second runs 
above pH 7.3 but not in the range 4.9 to 7.3. Adenosine deaminase 
moved significantly at the highest pH attained (7.7) but not at lower pH 
values. Specific details on the simultaneous variation of salt concentra- 
tion and pH will be considered subsequently. It is already clear that such 
variations will provide another means of obtaining protein separations, 
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Constant Salt Concentrations—Amylase and adenosine deaminase ac- 
tivities were determined in four 350 sheet piles with 20, 30, 45, and 60 
per cent saturated (NH,)SO, respectively, as solvents. The experiments 
were carried out essentially as described above for the gradient pile. The 
results are summarized in Figs. 2 and 3. Data are not shown for the 60 
per cent saturation level of (NH,)2SO,, since both enzymes failed to move 
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significantly at this concentration level. It should be noted, however, 
that neither the adenosine deaminase nor the amylase of the crude mixture 
is precipitated from solution by 60 per cent saturation of (NH,)2SQ,. 


DISCUSSION 


It is evident from the experiments described that the chromatopile 
provides a convenient column for the fractionation of enzymes. Although 
the initial experiments were designed to separate enzymes simply on the 
basis of a continuous process involving solubility with a solvent gradient, 
it is clear that adsorption of the proteins on the paper plays a significant 
réle and a gradient is not necessarily essential. In agreement with the 
report of Tiselius (2), the enzymes are strongly adsorbed by the paper at 
salt concentrations far below those required for precipitation. In addi- 
tion, the movement of an enzyme in the pile is markedly influenced by 
the presence of other proteins. This may be interpreted in terms of dis- 
placement adsorption, as previously demonstrated (2). However, by ap- 
propriate adjustment of pH, displacement adsorption may become less 
significant, as indicated by repeated fractionation experiments. The data 
of Fig. 2 for adenosine deaminase show that the rate of movement of the 
enzyme goes through a maximum as the (NHj,)SO, concentration is 
increased. Although the picture is complicated by the presence of many 
proteins, it seems probable that this phenomenon is due in part to a simul- 
taneous effect of the salt on the adsorbability of the protein and on the 
properties of the paper as an adsorbent. 

Throughout the experiments that have been carried out there has been 
consistent evidence for a number of activity peaks with both amylase 
and the more specific enzyme adenosine deaminase (Figs. 2 and 3). Al- 
though these results suggest multiple molecular species for both enzymes, 
such a conclusion cannot be justified on the basis of the present experi- 
mental evidence. This question is being investigated further. 


SUMMARY 


1. It has been established that considerable enzyme resolution can be 
attained by use of the filter paper chromatopile. 

2. Variations in salt concentrations and pH are shown to have a great 
influence on the movement of at least two enzymes in the pile. These 
variations with the many obvious ones that are yet to be investigated may 
provide some hew criteria for protein homogeneity. 

3. Sufficient quantities of proteins can be fractionated on the chro- 
matopile to provide a means of isolation. 
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THE AMINO ACID COMPOSITION OF PORK AND LAMB CUTS 


By B. S. SCHWEIGERT, BARBARA TAIT GUTHNECK, H. R. KRAYBILL, 
anpD D. A. GREENWOOD* 


(From the American Meat Institute Foundation, University of Chicago, Chicago) 
(Received for publication, June 15, 1949) 


The development of accurate, sensitive microbiological methods has 
permitted the acquisition of data on the amino acid content of foods and 
purified proteins as well as information on the amino acids in body fluids 
and on the metabolism of the amino acids by the test organisms. These 
advances have been summarized in several reviews (1-4). The data ob- 
tained thus far on meats indicate that the amino acid composition of the 
protein of the lean tissues of pork, beef, and lamb cuts is very similar, 
although some differences in the protein of muscle tissues and organ meats 
have been observed in the case of histidine and lysine (5, 6). 

The present study was undertaken to obtain further data on the amino 
acid content of different pork and lamb cuts, to evaluate different methods 
of analysis where indicated, and to obtain further information on the 
stability of the amino acids during cooking of the meats. The data ob- 
tained for leucine, valine, isoleucine, phenylalanine, threonine, histidine, 
lysine, arginine, methionine, and tryptophan are presented in this paper. 


EXPERIMENTAL 


Paired pork and lamb cuts were obtained and one cut from each pair was 
cooked by recommended methods (7), while the remaining cut was re- 
tained for analysis of the uncooked meat. Proximate analysis data were 
obtained on the fresh and cooked cuts. The samples were then partially 
dehydrated and defatted, finely ground, and retained for the amino acid 
studies. All amino acid analyses were made on the dehydrated and de- 
fatted samples. From these data and the proximate analyses, the amino 
acid content of the crude protein (N X 6.25) and of the fresh cuts was cal- 
culated. 

The amino acids were liberated from the samples by acid autoclaving 
(0.5 gm. of sample in 25 ml. of 3 N HCl for 16 hours at 15 pounds pres- 
sure). The amino acid determinations were made on suitable neutralized 
aliquots. All analyses were carried out on duplicate hydrolysates and 
excellent agreement in the values was obtained for the two hydroly- 
sates. Leucine, valine, isoleucine, and phenylalanine were determined 


* Present address, Department of Chemistry, Utah State Agricultural College, 
Logan, Utah. 
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with Lactobacillus arabinosus as the test organism, arginine, histidine. 
and threonine with Streptococcus faecalis R, and lysine, methionine, histi- 


dine, and phenylalanine with Leuconostoc mesenteroides P-60 as the test 
organism. 


TABLE | 
Composition of Media 





Constituent* a an Constituentt ae es 
| | 

Glucose | 4 gm. | Glutamic acid 80 
Sodium acetate ioe Asparagine 80 
Adenine 2 mg. Lysine 40 
Guanine ; es | Cystine 40 
Uracil | -* | Leucine | 20 
Xanthine | 3“ | Threonine 20 
Salts A | 1 ml. | Valine 20 

‘* C (Henderson-Snell | : ie | Isoleucine 20 

(12)) Alanine 20 
Thiamine 100 | Methionine | 20 
Riboflavin aie | Arginine | 20 
Nicotinic acid | 00" | Histidine 20 
Ca pantothenate 100 ‘* | Tryptophan | 20 
Pyridoxine Lae | Tyrosine 20 
Pyridoxal 100 ‘ | Serine 10 
p-Aminobenzoic acid an °° Phenylalanine 10 
Biotin - Proline 10 
Pteroylglutamic acid 2“ | Glycine 20 





* The amounts as given for 100 ml. of double strength medium are those added per 
100 tubes, with a final volume of 2 ml. of sample, water, and medium per tube. For 
S. faecalis R assays the sodium acetate and Salts A are replaced by 5 gm. of sodium 
citrate and 1 gm. of KzHPQ, per 100 ml. Salts A is composed of 100 mg. of KH.P0Q, 
and 100 mg. of K,HPO, per ml. 

+ The amounts indicated are for the L isomer; where the pL isomer is used, twice 
the amounts indicated are added. For the methionine assays the amino acids were 
replaced by 1500 mg. of H.O2-treated peptone (13), cystine, tryptophan, and tyrosine 
at the amounts indicated per 100 ml. 


It is recognized that, if any racemization of the amino acids occurred 
during hydrolysis, the analytical values would be low, since the p isomers 
of these amino acids are inactive or essentially inactive fcr the test micro- 
organisms. 

The methods of analysis used were essentially those described in earlier 
work (8-10); however, the composition of the media has been changed 
somewhat from that used in the earlier work. Details are given in Table I. 
All assays were carried out with a final volume of 2.0 ml. and the acid pro- 
duction after incubating for 72 hours was determined titrimetrically. 
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Tryptophan was determined by the Bates method essentially as de- 
scribed by Graham and associates (11). 


RESULTS AND DISCUSSION 


The assay results obtained with the present media were very satisfactory. 
Tests to confirm the validity of the results obtained for histidine and 
phenylalanine revealed that excellent agreement in the assay values was 
obtained with the use of two different test organisms when applied to both 
pork and lamb samples (Table II). 


TaBieE II 
Comparison of Histidine and Phenylalanine Values Obtained with Use of Different 
Test Organisms 
The values are given in the per cent of the partially dried and defatted samples. 





Histidine Phenylalanine 





Sample; description 





S. faecalis R L. mesenter- |  L. arabi- L. mesenter- 





oides nosus oides 
Lamb, rib chop 2.24 2.32 | 3.37 | 3.31 
sie shoulder 2.06 2i15- | 2ob | ~sae 
- leg 2.04 2.13 3.2 | $3.01 
ee breast 2.24 2.10 3.17 | 3.23 
Pork, steak 2.59 2.37 3.35 | 3.26 
¢ ~Join 2.86 2.92 3.32 3.48 
‘spareribs 2.46 2 


46 3.62 3.66 





Other studies were conducted to compare the methionine values ob- 
tained by the microbiological method with those obtained by a chemical 
method (14) and also to compare different media with L. mesenteroides 
and S. faecalis R. The results obtained with the microbiological method 
were in good agreement with those obtained by the chemical method for 
samples varying over a wide range of potency (Table III). The addi- 
tion of yeast extract (Difco) to the medium did not influence the assay 
values for methionine (Table III) for samples that were relatively low in 
accessory factors (casein and soy bean meal) or for samples that were 
rich in growth stimulants (lung and liver meal and pork muscle). Other 
tests with the purified amino acid medium described in Table I either 
with or without the addition of yeast extract did not reveal any consist- 
ent deviations from the methionine values indicated with either S. faecalis 
R or L. mesenteroides as the test organism. 

The amounts of leucine, valine, isoleucine, threonine, phenylalanine, 
arginine, histidine, lysine, methionine, and tryptophan in the crude pro- 
tein of pork and lamb samples are presented in Tables IV and V. The 
percentage of protein in the fresh and cooked samples is also presented 








TaBe III 


Comparison of Chemical and Microbiological Determination of Methionine* 


The values are given in per cent methionine in n the crude protein. 





Sample; description 





Fish-meal 
Gelatin 


Soy bean meal, No. 1 


“ “cc 


Casein, No. 1 


“e sé 


Pork muscle 
Lung and liver meal 


~ Medium ‘. 


2.85 


RKB Dond we KF © 
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o> or 
— 
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Microbiological method 


* Part of this study was carried out at the Agricultural and Mechanical College 
of Texas (B. S. Schweigert, Patricia Sparks, and Frances Panzer). 


{ L. mesenteroides was used as the test organism. 


Medium A is the peptone me- 


dium described in Table I and Medium B is the same, with the addition of 0.1 mg. 
of yeast extract per tube as a source of additional growth factors. 





Sample; description 





Ether extract 
Moisture 


Leucine 
Valine 


TaBLE IV 
Amino Acid Content of Fresh and Cooked Pork* 
os ' rain Kil iia tg 


| 
| 
| 
| 





Isoleucine 


{—_———_ 


| Threonine 
| Phenylalanine 


i 


| Arginine 





Fresh samples 





Rib chop 
Loin “ 
Steak 
Loin 
Spareribs 
Shoulder 





Average 








Rib chop 
Loin ‘‘ 
Steak 


Loin roast 


Spareribs 
Shoulder 





Average.. 








Cooked samples 


21.00 42. 6/36. 1/7. 67/5. 22/4. 97/5. 284. 2817. 30 3. 3 
23.19/41. 136. 2/7.68 5.06 5.25 4.98/4. 246. 773.45 
17.98 48. 3 32. 4'8.06 5.01'4.94'5.23'4.606.46 2. 91/7 

19.68.40. 539. 0:7.96.5.00/4. 8014.98 4.246.483. 378. 
23.22.41. 6 34. 3/7. 01'4.92.4.825.064.176.682.80,7.2 
(22. 96 33. 2:43. 37. 755. 00/5. 1815. 294. = sn oh 45/7. 


| 


5.85'2.72'7. wi. 


i. 36/4. 914. 8055. 11. 98 6. 00'8. 287.5 


i. 695. 034. 985. 144, 296. 703. 237. 


| 
Histidine 
Methionine 


Lysine 


116. 31/27. 8/54. 5\7. 28\4. 90/4. 30/5. 06/3. 7116. 12/3. 1517. 352. 43/1 .3% 
(55. 77. 76 4. 98/4. 785.213.7055. 71/3. 56 8.06 2. 
12. 62140. 147. 67. 16 4. 81/4.82'4.80)3. 86 
16. 36126. 1156. 87. 26/4. 82'4. 64'5.13/4.006.123.53.7.7 
14.2038. 6/47. 77. 58'5.00|5.025.37|4.476.322. 838. 02:2. 
14.84:32.9/51. 9/7. 11/4. 94)4. 71\5. 08/4. 165.87 3.51 


49)1.¢ 


581.33 


2.531. 


2.29 1 
7\2.48)1. 
2.6111. 
2.45.1 
2\2.42)1 
22.501. 


2.47/1. 


Tryptophan 


of aR 
67/1. 
2.421 


39 


33 


. 36 


45 


43 


37 
. 36 


47 


40) 


* The values for protein, ether extract, and moisture are expressed. as ‘the percent- 
age in the moist meat and the values for the amino acids are expressed as the per- 


centage in the crude protein (N X 6.25). 
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and the amount of each amino acid in these samples can be calculated by 
multiplying the percentage of the amino acid in the protein by the pro- 
tein percentage and dividing by 100. The amount of the amino acids 
in the different cuts of pork and lamb is quite uniform, with the exception 
of histidine. Although the histidine values for lamb are in good agree- 
ment for different cuts, they are lower than those for pork. The amount 


TaBLE V 
Amino Acid Content of Fresh and Cooked Lamb* 


{ le eit | | { | | 












































3 | | & e/|a 
le: d + nes Pro- % ‘aes | 8 c| | 2 | a\4 
| [#1818 /S (8 lela) fia lai sié 
Fresh samples 
Rib chop 14. 45/38.3)46.516.82\5.02(4. 24/4. 35|3.83|6. 52/2. 43 7.04/2.21/1.22 
Loin “ 14.47,33.851.06.97|5. 16/4. 82/4. 78/3. 83/6. 95|2.59|7. 88|2.48|1..30 
Shoulder 18.33/11.8}69.3'7.67|5. 12/4.64/4. 98/3. 78|6. 97|2.53/7.97|2.61|1.45 
Leg 15.23/32. 2'53.4|7.15|4.7414. 60/4. 79). 72/6. 81|2. 55|7. 67/2. 50|1.31 
Breast 12.83 37.0,48.3(6.77|4.86|4 42/4. 72/3. 80/6. 30|2.49|7.33/2.3111.26 
Loin 18. 15.8164. 7}8, Gy SO. 60. Cp8. 966.672. 7078.00. 5-20 
adeiioais | = | intemal 
———_———_ | ———s« | ——— — nl tn ——— _— 
Average.......... ome '7.06/4.97|4.57|4.77/3.82\6.74|2. 56)7.65|2.43/1 .30 
Cooked samples 
Rib chop 17.20/41.0141.2!7.6215.07 4.90|5.05|4.07 6.97|2.76|7.52|2.20|1 .32 
Loin “ 19.06 35.7 44.0/7.76|4.75|4.82/4.92/3. 98|7.202.87|7.6812.15)1.25 
Shoulder 22.54 18.4 58.5,7.71|4.92)5.06 5.04'3. 88\7.23 2. 76|7.44)2.25)1.35 
Leg 19.84 39.2.40.0 7.63/4.90|4.94/4.78 4.20/7.18)2.67)7.87)2. 361.27 
Breast 20.22 42.3 37.4)8.17\5.29'5.20'5.00)4. 2416.98,2.81/7.72\2.13)1.44 
Loin roast 23.8525. 9.48.917.77|5.20'4.96 5.08)3.96/6.34'2. 94/7.68/2. 1811.35 
Average........... | 7.78,5.02/4..98/4..98/4.06 6.98|2.80/7.65)2.21/1.33 














* The values for protein, ether extract, and moisture are expressed as the per- 
centage in the moist meat and the values for the amino acids are expressed as the 
percentage in the crude protein (N X 6.25). 


of histidine in different cuts of pork varies considerably; namely, 2.72 
to 3.56 per cent of the protein for blade steak and loin chop, respectively. 

The values for pork and lamb are in good agreement with those ob- 
tained previously and by other workers (5, 6, 8, 9, 15-22). Lyman and 
Kuiken (21) have obtained somewhat higher values for leucine and lysine. 
They analyzed the lean tissue after removing the separable fat and con- 
nective tissue, while the present analyses were made on the entire edible 
portion of the cuts. 
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The data confirm previous findings that the amino acids so far studied 
are essentially stable to cooking. This is evidenced from the fact that 
no appreciable changes were noted in the percentage of the amino acids 
in the protein of the fresh and cooked samples (Tables IV and V). The 
retention of the amino acids in the cooked cuts was also determined by 
comparing the total amount of each amino acid in the uncooked cuts 
with the total amount in the cuts after cooking. The percentage reten- 
tions obtained showed that no appreciable loss of the amino acids oc- 
curred during cooking. For example, the percentage of valine retained 
averaged 101 per cent (range 97 to 106 per cent), the lysine retained aver- 
aged 99 per cent (range 89 to 108 per cent), and the tryptophan retained 
averaged 104 per cent (range 96 to 115 per cent). These studies are now 
being extended to include other amino acids and studies on the availa- 
bility of amino acids in uncooked and cooked meats. 


SUMMARY 


The amount of leucine, valine, isoleucine, threonine, phenylalanine, 
arginine, histidine, lysine, methionine, and tryptophan in several cuts of 
fresh and cooked pork and lamb samples was determined. 

Other tests showed that excellent agreement in the assay values for 
histidine was obtained when either S. faecalis R or L. mesenteroides P-60 
was used as the test organism and when phenylalanine was assayed with 
either L. arabinosus or L. mesenteroides. Data obtained by the chemical 
method for methionine and by microbiological techniques showed that 
the methods gave similar results for samples with a wide range in methi- 
onine content. 

The amino acids studied were found to be stable to cooking. 
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FATTY ACID SYNTHESIS BY ENZYME PREPARATIONS OF 
CLOSTRIDIUM KLUYVERI* 


I, PREPARATION OF CELL-FREE EXTRACTS THAT CATALYZE 
THE CONVERSION OF ETHANOL AND ACETATE TO 
BUTYRATE AND CAPROATE 


By E. R. STADTMAN ann H. A. BARKER 
(From the Division of Plant Nutrition, University of California, Berkeley) 


(Received for publication, April 1, 1949) 


Present knowledge concerning the synthesis of fatty acids is derived 
mainly from studies with various animals and microorganisms. These 
studies, facilitated greatly by the use of stable and radioactive isotopes, 
have established the important fact that fatty acid synthesis in both ani- 
mals and microorganisms involves a multiple condensation of 2-carbon 
compounds (2, 6, 7, 8, 11). Almost nothing is known, however, about 
the mechanism by which this condensation is accomplished. A further 
insight into the mechanism of this conversion has been clouded by the 
fact that, in general, the results obtained from studies in vivo are com- 
plicated by the simultaneous synthesis or decomposition of other metabo- 
lites, vz. carbohydrates. Moreover, a more detailed study of this problem 
has not been possible because of the inability to obtain suitable enzyme 
preparations with which the individual reactions could be studied under 
controlled conditions. 

Several years ago, an anaerobic bacterium, Clostridium kluyveri, was 
discovered, whose energy metabolism was concerned solely with the syn- 
thesis of the lower fatty acids (1). Recently this bacterium has been 
studied extensively, and it has been shown to be able to obtain energy 
for growth from the conversion of 2-carbon compounds (ethanol and ace- 
tate) to fatty acids of 4 and 6 carbon atoms (3, 4). Tracer experiments 
(2) have shown that this conversion is an oxidation-reduction process in 
which ethanol is oxidized to a 2-carbon compound (‘‘active” acetate) 
that is in approximate equilibrium with acetate. This “active” acetate 
is condensed with acetate to a Cy compound that serves as the oxidant 
for the reaction and is reduced to butyrate. 


—4H + acetate + 4H 


Ethanol — “active” acetate ——————> C, compound ——-—> 





acetate butyrate (I) 





* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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In a similar manner the “active” acetate derived from another molecule 
of ethanol may condense with butyrate to form caproate. Thus, in this 
organism, as in animals (6) and yeast (7, 8, 11), the biological synthesis 
of fatty acids is accomplished by the multiple condensation of 2-carbon 
molecules. 

C. kluyvert can be grown easily in a completely synthetic medium (3) 
containing ethanol and a lower fatty acid as the only carbon sources. It 
cannot utilize other common fermentation substrates such as glucose, 
pyruvate, or the dicarboxylic acids; therefore, studies on fatty acid synthesis 
are not complicated by side reactions involving these compounds. 

The over-all reactions involved in the synthesis of fatty acids by this 
organism are well established by chemical data (4) and particularly by 
data obtained in tracer studies (2,10). It appeared, therefore, that C. 
kluyvert would be an excellent biological material to use in the study of 
the more intimate reactions involved in the synthesis of fatty acids. 

The present investigation has shown that cell-free enzyme preparations 
of C. kluyveri can be obtained that catalyze all the energy-yielding reactions 
characteristic of the living organism. 

Under anaerobic conditions, these enzyme preparations catalyze the 
complete conversion of ethanol and acetate to butyrate and caproate. 
Under aerobic conditions, with oxygen serving as the electron acceptor, 
ethanol is oxidized quantitatively to acetyl phosphate; also under these 
conditions, fatty acids of 4, 6, or 8 carbon atoms are oxidized to acetyl 
phosphate and acetate. A condensation of acetyl phosphate and acetate 
is catalyzed and the C, condensation product is reduced to butyric acid. 
For this reduction and for the reduction of some other 4-carbon com- 
pounds studied, molecular hydrogen can serve as the hydrogen donor. 
With these enzyme preparations the mechanism of fatty acid synthesis 
has been studied in some detail. 

It is the purpose of this paper to describe a method for obtaining active 
cell-free enzyme preparations of C. kluyvert. In subsequent papers, it 
will be shown how these preparations have been used to study the indi- 
vidual reactions involved in fatty acid synthesis. 


Methods 


Enzyme Activity—The oxidation of ethanol and butyrate was deter- 
mined manometrically by measuring the oxygen consumption in a War- 
burg apparatus. 

Fatty acid synthesis was studied by incubating ethanol and acetate 
with the enzyme preparation in an evacuated Thunberg tube. After in- 
cubation, the presence of butyrate and caproate was detected by Duclaux 
distillation of the steam-volatile acids. The individual fatty acids were 
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separated from the mixture by partition chromatographic analysis, by 
the method of Elsden (5). 

Growth of C. kluyveri—Even under optimal conditions, the growth of 
C. kluyveri is relatively slight and the yield of dry cells is only about 150 
mg. per liter of culture medium. It was, therefore, desirable to grow the 
organism on a large scale. 

Media found previously to support good growth in 1 liter cultures (3) 
did not give good growth in 12 to 20 liter cultures. In large cultures, the 
bacteria formed slimy masses which autolyzed and settled to the bottom 
of the culture flask. Experiments by B. E. Volcani (unpublished) in- 
dicated that this condition was due to an unfavorably high phosphate 
concentration. By decreasing the phosphate concentration of the medium 
and by increasing the bicarbonate level to compensate for the loss in 
buffering capacity, good growth of C. kluyveri was obtained in 12 to 200 
liter cultures. 

The composition of the medium as modified for large scale growth (20 
to 200 liter cultures) is as follows: ethanol 20 gm., potassium acetate 4.3 
gm., KeHPO,-KH2PO, buffer (1 M, pH 7.0) 3.5 ml., acetic acid (glacial) 
2.5 ml., (NH,4)2SO, 500 mg., MgSO,-7H.O 200 mg., CaSOQ,-2H.0 10 
mg., FeSO,:7H,O 5 mg., MnS0O,:4H.O 2.5 mg., Na.MoQ,:2H.O 2.5 mg., 
Na.S-9H.O 200 mg., K2:CO; 5.9 gm., biotin 10 y, p-aminobenzoic acid 
1.0 mg., and tap water (35°) 1000 ml. 

All reagents except the sodium sulfide and potassium carbonate were 
dissolved and the resulting solution was deaerated by passing a vigorous 
stream of nitrogen through it for several minutes. After deaeration the 
sodium sulfide and carbonate were added. The pH of the medium was 
usually about 7.0; otherwise, it was adjusted to this value by adding po- 
tassium carbonate or by bubbling in carbon dioxide. 

Under anaerobic conditions the above medium is highly selective, and 
it is possible to grow the organism quite successfully in unsterilized media 
without significant contamination by other organisms. 

Ordinarily, five 20 liter cultures were grown simultaneously and were 
harvested together. In later experiments, the bacteria were grown in a 
55 gallon (208 liter) iron drum, equipped with a 5 cm. opening in the top. 
10 volumes per cent of an actively growing culture of C. kluyveri served as 
inoculum. 

Growth was determined by measuring the turbidity of 10 ml. aliquots 
in an Evelyn colorimeter (3). 

Since about 10 per cent of the ethanol is converted to acetic acid and 
hydrogen (4), a large volume of hydrogen is evolved in large scale fer- 
mentations. Moreover, appreciable quantities of CO, are liberated from 
the bicarbonate buffer as a result of acid formation. Therefore, gas 
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evolution, as measured by a “precision”? wet test gas meter, was also used 
to follow the course of the fermentation. When the rate of gas produc. 
tion began to fall off, the bacteria were harvested. As a safety precau. 
tion, the evolved gases were directed outside the building. 

Gas production and changes in turbidity for a typical 200 liter culture 
are shown in Fig. 1. In a normal fermentation on this scale, 250 to 350 
liters of gas are evolved before the culture is ready to harvest; then the 
optical density (2 — log G value)! of the culture is about 0.130 to 0.175. 

Preparation of Dried Cells—When the culture was ready to harvest, 
the bacteria were separated by centrifugation. The culture solution was 
siphoned into a Sharples supercentrifuge operating at about 30,000 r.px, 
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Fic. 1. Hydrogen production and growth of C. kluyveri in a 208 liter culture. 

X refers to growth measured by (2 — log G) X 1000, where G is the galvanometer 

reading on an Evelyn colorimeter. O refers to the liters of gas produced. 30-31°, 


The rate of flow was about 1 liter per minute. After centrifuging, the 
compact mass of bacteria from 100 to 200 liters of medium was suspended 
in 300 ml. of water containing 0.03 per cent NaeS-9H:,O (pH 8.0). The 


pH of this suspension was normally about 6.4 to 6.5 and was immediately | 


adjusted to 7.0 with 1 n NaOH. In some preparations 0.05 m veronal 
buffer (pH 7.9) was used instead of water. 

The thick suspension was transferred to 75 ml. centrifuge tubes and 
the bacteria were separated by centrifuging in a Servall conical type 


centrifuge (about 4000 r.p.m.) for 5 minutes. The bacteria were washed | 


two more times in 300 ml. of the dilute sulfide solution. Finally the cells 
were spread in a thin film (about 3 mm.) in one or more 15 cm. Petri 
dishes. These were placed in a desiccator over CaCl, and dried in vacuo 
(2 to 5 mm. of Hg) at room temperature. During evacuation, the cell 


paste foamed up, forming a large spongy mass that dried in 5 to 8 hours. | 
Usually about 150 mg. of dry cells were obtained from 1 liter of culture | 


1G is the galvanometer reading on an Evelyn colorimeter. 
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solution. Dried cells not used immediately for the preparation of cell- 
free extracts were sealed in test-tubes under a vacuum (2 to 5 mm. of Hg) 
and stored at —18°. The latter precaution is probably not necessary, as 
the dry cells have been kept for several days at room temperature without 
appreciable loss in activity of the enzymes studied. 

A description of the culturing conditions for several different lots of 
dried cells used in the present investigation is presented in Table I. 

Preparation of Cell-Free Extracts—Cell-free enzyme preparations were 
obtained by extracting the dry cells with dilute sulfide solution; the in- 
soluble material was separated by centrifuging, and the clear, cell-free 


TABLE I 
Dried Cell Preparations Used in This Investigation 








| . ‘ | ‘ | : 

Lot | “Sar ieee | em ee eee 
| liters hrs. be a - ae? iad. oS 

Cc | ae 68 | 13.1 | 0.131 

D pe eee 122 12.6 | 0.158 

E | 208 120 44.2 0.220 

G 208 120 31.1 0.149 

H > > oa 74 | 18.2 0.182 

I 208 75 | 69.8 | 0.335 





supernatant solution was lyophilized. Details of the procedure are as 
follows: 

10 gm. of dried cells were suspended in 150 ml. of freshly deaerated 
distilled water, containing 0.03 per cent sodium sulfide (Na.S-9H,0). 
The suspension was adjusted to pH 7.0 with 1 n NaOH and allowed to 
stand at room temperature (20—-24°) for 1 to 6 hours with occasional shak- 
ing. The suspension was held in a 500 ml. round bottom flask, which 
was evacuated to keep it anaerobic during the incubation period. After 
incubation, the suspension was centrifuged 5 to 10 minutes in a refrigerated 
centrifuge (0°) operating at about 17,000 r.p.m. The clear, cell-free 
supernatant solution was transferred to a 2 liter round bottom flask that 
was immediately evacuated. The enzyme solution was frozen by rotat- 
ing the flask in a dry ice-chloroform bath and was lyophilized at 10-* to 
10-* mm. of mercury pressure. With the equipment used, about 8 hours 
were required to dry 150 ml. of enzyme solution. 

The cell débris removed by one centrifugation was resuspended in 150 
ml. of sulfide solution. The suspension was again centrifuged and the 
cell-free extract dried as before. Sometimes a third extraction was also 


made. 
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The dried extracts were transferred to test-tubes that were sealed under 
a vacuum and stored at —18°. Cell-free extracts thus stored showed 
no appreciable loss in activity of the enzymes studied over a period of § 
months. 

Effect of Various Extracting Conditions on Enzyme Activity—In pre. 
paring the first cell-free extracts by the above procedure, a 1 hour ex. 
tracting time was used, and highly active enzyme preparations (Lots ( 
and D) were obtained. In later experiments, with the same technique, 
cell-free extracts were obtained that were relatively inactive (Lots E and 
[i-2). Since the dried cells were very active in both instances, it was ap- 
parent that some condition in the extracting procedure was inadequate, 
Therefore a study was made to determine the effect of various extracting 
conditions on the activity of the cell-free extracts. For these studies 
dried cells from Lots E and G were used, as considerable difficulty had 
been encountered in obtaining active cell-free extracts from these lots, 

Effect of pH—Suspensions of dried cells (Lot G) were adjusted to various 
pH levels (pH 5.2 to 9.6) with 0.1 n HCl or NaOH. After 20 minutes 
incubation at room temperature the samples were centrifuged, and the 
cell-free extracts were adjusted to pH 7.9 and tested for their ability to 
catalyze the oxidation of ethanol and butyrate. The results, summarized 
in Fig. 2, show that maximal activity was obtained by extracting at pH 68. 

It is not evident from the experiment whether the lower activities ob- 
tained by extracting at more acid or more alkaline pH levels are caused 
by enzyme inactivation or by poorer extraction. The lower activity at 
pH 8.0 is probably due mainly to poorer extraction, since it has been shown 
in other experiments (Paper II of this series (9)) that the optimal pH 
range for ethanol oxidation by cell-free extracts is 8.1 to 8.5. 

Effect of Extracting Time—The influence of extraction time on the ac- 
tivity of the cell-free extracts was studied as follows: 750 mg. of dried 
cells (Lot G) were suspended in 15 ml. of 0.02 per cent Na.S-9H,O. The 
suspension was incubated in an evacuated Thunberg tube at room temper- 
ature. After various time intervals, 2.5 ml. aliquots of the suspension 
were centrifuged and the cell-free extracts were tested for their ability to 
catalyze the oxidation of ethanol and butyric acid. The results, summa- 
rized in Fig. 3, show that the activity increased rapidly with increasing 
extraction time up to 2 to 3 hours, when maximal activity was obtained. 
Further incubation for 8 hours caused no appreciable loss in activity. 

These results show quite clearly that the failure to obtain active cell- 
free extracts in Lots E and E-2 was due to an insufficient incubation period 
(1 hour) prior to centrifugation. Microscopic examination of the suspen- 
sion of Lot E after 1 hour’s incubation showed that the bacterial cells were 
still intact. Apparently, a longer incubation period is required to provide 
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sufficient autolysis to liberate the enzymes from the cells. This conclusion 
was verified by the observation that only 19 per cent of the dry weight was 
extracted after 1 hour’s incubation, while 53.7 per cent was extracted 
during a 4 hour period. 

In other experiments it was found that the addition of inorganic phos- 
phate (0.006 m) to the extracting solution greatly accelerated the rate of 
extraction of the enzyme activity but had little influence on the total 
amount of enzyme extracted. The addition of small amounts of ethanol 
(0.13 per cent) to the extraction solution also had a slight beneficial effect. 
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Fic. 2. The influence of the pH of extraction on the activity of cell-free extracts. 
The ordinate refers to micromoles of oxygen consumed in 20 minutes at 26°. Each 
Warburg vessel contained 0.1 ml. of 1 m phosphate (pH 7.9), 0.1 ml. of 0.02 m meth- 
ylene blue, 0.1 ml. of 20 per cent ethanol or 0.5 m sodium butyrate, 0.8 ml. of cell- 
free extract, and 0.9 ml. of distilled water. The final pH was 7.8 to 8.0 in all vessels. 


Fig. 3. The effect of extraction time on the activity of cell-free extracts. Each 
Warburg vessel contained 0.1 ml. of 0.2 m sodium butyrate or 0.1 ml. of 20 per cent 
ethanol, 0.1 ml. of 0.02 m methylene blue, 0.1 ml. of 1 m phosphate (pH 8.1),0.8 ml. 
of cell-free extract (Lot G), and 0.9 ml. of water. The ordinate refers to micromoles 
of oxygen consumed at 26°. The abscissa refers to the time of extraction. 


It is not understood why an extraction period of 1 hour was sufficient 
for the preparation of active cell-free extracts of Lots C and D but not of 
Lots E and G. So far as possible, the method of extracting was identical 
in all cases. The results emphasize the fact that each lot of dried cells 
must be tested in order to ascertain how much extraction time is required 
to obtain maximal activity. 

When optimal conditions are used, well over 50 per cent of the enzyme 
activity of the dried cells is recovered in the dried cell-free extract. 

Information concerning the various cell-free extracts used in the present 
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investigation is presented in Table II. The alphabetic character used to 
denote a given cell-free extract is the same as that used for the dried cell 
preparation from which the extract was obtained (see Table I). 


TaBLeE II 
Cell-Free Extracts Used in This Investigation 
Lots C’, D’, E’, E-2’, and G’ were obtained by reextracting the cellular débris 
separated from the first extract. Lot C” + D” was obtained by reextraction of 
the combined cellular débris from extracts of Lots C’ and D’. Lot E-2 was obtained 
by extracting dried cells of Lot E with a 0.03 per cent ethanol solution. 








Lot | Dry cells extracted | Extraction time my eee of Dect 
| gm. | hrs. gm. | 

C 13.1 1 | 4.9 0.370 
C’ 1 

D 12.6 1 4.0 0.316 
D’ | 1 1.58 

C” + D’” 1 1.28 

E 20.0 1 | 3.3 0.165 
B! | 1 | 2.5 

E-2 18.5 1 3.5 0.190 
E-2’ | 1 | 1.5 

G 20.0 4 | 10.7 0.535 
G’ 1 3.2 

TaBLeE III 


Conversion of Ethanol and Carboxryl-Labeled Acetate to Butyrate and Caproate 

In a Thunberg tube were placed 0.05 ml. of 20 per cent sodium acetate, 0.1 ml. of 
20 per cent ethanol, 0.05 ml. of carboxyl-labeled acetate (12.6 um = 19,000 counts 
per minute), 0.5 ml. of 0.02 per cent Na2S-9H:20, and 30 mg. of dried cell-free extract. 
The tube was evacuated and stored at 34° for 13 hours. 











} cu 
| uM | counts per min. per pM 
et eS Ee ne ee 83 229 
Volatile acids after incubation.............. 87 
oe) rs 19.3 32 
i i ae | 13.4 221 


Caproate RG a a 5 wes d-dh | 10.0 382 





Fatty Acid Synthesis—When ethanol and acetate were incubated together 
with the cell-free extracts under anaerobic conditions, it was found that 
longer chain fatty acids were formed. To prove conclusively that the 
enzyme preparations actually catalyzed the conversion of ethanol and 
acetate to these longer chain fatty acids, an experiment was done in which 
acetic acid labeled in the carboxyl group with C™ was incubated with un- 
labeled ethanol. After incubation, the volatile acids were separated by 
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partition chromatography. Pure caproic, butyric, and acetic acids were 
identified by Duclaux distillation. The results of C measurements are 
recorded in Table III. All the fatty acids were found to contain large 
amounts of the isotope. The specific activities of the caproic and butyric 
acids were 1.7 and 1.0 times as great as the specific activity of the acetate 
added. The activity of the residual acetate was only about 15 per cent 
as great as that of the acetate added, showing that the ethanol had been 
oxidized to acetate or to a substance in isotopic equilibrium with acetate. 
These results are therefore qualitatively identical with those obtained 
with growing cultures (2), and they show definitely that cell-free extracts 
of C. kluyvert can catalyze the conversion of ethanol and acetate to butyrate 
and caproate. 

Not all enzyme preparations were equally capable of synthesizing bu- 
tyrate and caproate from ethanol and acetate. With most preparations 
that caused little or no synthesis from these substrates, butyric and 
caproic acids were formed when a little acetyl phosphate was added also. 
It will be shown in a later paper that acetyl phosphate is the end-product 
of ethanol oxidation. This oxidation is coupled with the reduction of a 
C, compound produced by the condensation of acetyl phosphate and 
acetate. Thus the necessity of adding acetyl phosphate to some enzyme 
preparations is probably due to the fact that these preparations do not 
contain sufficient amounts of a suitable hydrogen acceptor to initiate the 
oxidation of ethanol to acetyl phosphate. 


SUMMARY 


A method has been described for the preparation of cell-free extracts 
of the bacterium Clostridium kluyveri that can catalyze the anaerobic con- 
version of ethanol and acetate to fatty acids of 4 and 6 carbon atoms. 
These preparations also catalyze the aerobic oxidation of ethanol and 
butyrate. 
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FATTY ACID SYNTHESIS BY ENZYME PREPARATIONS OF 
CLOSTRIDIUM KLUYVERI* 


Il. THE AEROBIC OXIDATION OF ETHANOL AND BUTYRATE WITH 
THE FORMATION OF ACETYL PHOSPHATE 


By E. R. STADTMAN anp H. A. BARKER 


(From the Division of Plant Nutrition, University of California, Berkeley) 
(Received for publication, April 1, 1949) 


The anaerobic bacterium Clostridium kluyveri can catalyze the conversion 
of ethanol and acetate to butyrate and caproate (6). Tracer studies with 
growing cultures of this organism (2) have shown that this conversion in- 
volves an oxidation of ethanol to a 2-carbon compound (“‘active’”’ acetate) 
that is in approximate equilibrium with acetate. This activated 2-carbon 
substance then condenses with ordinary acetate to form a C, compound that 
is reduced to butyrate (see Scheme I, Paper I of this series). If the current 
idea is correct that biological oxidation-reduction reactions involve the re- 
moval or addition of only 2 electrons at a time, it follows that the conver- 
sion of alcohol and acetate to butyrate must involve a number of inter- 
mediates. For example, the oxidation of ethanol to the ‘‘active” acetate 
would be a two-step process involving at least one intermediate compound. 
Similarly, the reduction of the postulated C, compound to butyrate should 
involve at least one intermediate compound in a state of oxidation corre- 
sponding to 8-hydroxybutyrate. Thus it is necessary to postulate a series 
of reactions in which at least four intermediate compounds are formed in 
the conversion of alcohol to butyrate. 


—2H —2H 





Ethanol _—~————» Compound a -————-— Compound b 
(acetaldehyde ?) (acetyl P ?) 
+ Acetate (I) 
2H + 2H 
Butyrate wud Compound d — Compound c 
(crotonate ?) (acetoacetate ?) 


(6-hydroxybutyrate ?) 
(vinyl acetate ?) 
Bornstein and Barker (6) postulated that Compound a is acetaldehyde. 
Acetaldehyde is an intermediate in the oxidation of ethanol to acetate by 
* This investigation was supported in part by a research grant from the Division 


of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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acetic acid bacteria (37), and the enzymes catalyzing the oxidation of 
ethanol to acetaldehyde are found in animal tissues (8). Barker (1) postu. 
lated that Compound b is acetyl phosphate, since Clostridium butylicum, an 
organism that also produces butyric acid from acetate (46), had been shown 
to produce acetyl phosphate or a similar compound (20). The intermediate, 
Compound c, should be a C, compound in the same state of oxidation as 
acetoacetate. Acetoacetate is a common end-product of fatty acid oxida. 
tion by higher animals and is formed by the condensation of 2-carbon mole- 


cules (45). To date, however, there is no direct evidence that acetoacetate | 


is an actual intermediate in fatty acid synthesis. Crotonic, 8-hydroxybv- 
tyric, and vinylacetic acids are 4-carbon compounds in a state of oxidation 
corresponding to Compound d. All three of these substances have been 
studied extensively (27, 16, 23, 19), but the réle that they may play in fatty 
acid synthesis is still uncertain. Examination of Scheme I shows that, 
while Compound b is the final end-product of ethanol oxidation, it cannot 
possibly accumulate in vivo, since it must condense with acetate to form 
Compounds c and d which are the main oxidants in the system. If an 
electron acceptor other than Compound c could be found, it should be 
possible to obtain an oxidation of ethanol with an accumulation of Com- 
pounds a and b. So far all such attempts with growing cultures of ¢. 
kluyvert have been unsuccessful (5). Since the organism is a strict an- 
aerobe, the use of oxygen as an electron acceptor in vivo is excluded. 

In Paper I of this series (41), it was shown that cell-free enzyme prepara- 
tions of C. kluyveri will, under anaerobic conditions, catalyze the conversion 
of ethanol and acetate to butyrate and caproate. These enzyme prepara 
tions also catalyze the aerobic oxidation of ethanol and butyrate when 
oxygen is used as the electron acceptor. 

With oxygen serving as the electron acceptor, the oxidation of ethand | 
should lead to the accumulation of the intermediates Compounds a, b, and | 
possibly Compound c. If the reactions shown in Scheme I are reversible, | 
butyrate oxidation should also lead to an accumulation of these inter | 
mediates plus acetate. 

It is the purpose of the present paper to describe the results of studies a1 | 


| 


the aerobic oxidation of ethanol and butyrate by enzyme preparations d | 
C. kluyveri. These studies have confirmed the hypothesis that ethanol | 
oxidized to acetyl phosphate and that acetaldehyde is an intermediate m 
this oxidation (1). Also, as predicted, butyrate is oxidized almost quanti 
tatively to a mixture of acetyl phosphate and acetate. 


Methods | 


Total volatile acids were estimated by steam distillation and titration 
Separation of the fatty acids in mixtures was accomplished by partitia 
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chromatographic analysis (11), and the pure acids were identified by 
Duclaux distillation. In some experiments in which the fatty acid mixture 
was composed of acetic, butyric, and caproic acids only, the concentrations 
were calculated from Duclaux distillation data. 

Acetaldehyde was estimated by the bisulfite-binding method of Elliott 
etal. (10) and also by microtitration of the acid liberated when acetaldehyde 
was distilled from the test solution (pH 7.0) into hydroxylamine hydro- 
chloride (33). 

Three methods were used to determine inorganic phosphate. (a) When 
no acyl phosphate was present, the inorganic phosphate was estimated 
directly on a deproteinized trichloroacetic acid filtrate by means of the 
Fiske-Subbarow procedure (12). (b) When acyl phosphates were present, 
the calcium precipitation method of Lipmann and Tuttle (28) was used. 
(c) The inorganic phosphate content of synthetic acetyl phosphate prepara- 
tions was determined by the method of Lowry and Lopez (31). 

Acyl phosphates were estimated by the specific colorimetric method of 
Lipmann and Tuttle (29). In some instances, methylene blue was present 
in the samples to be tested. This was removed by extracting with butanol 
after the hydroxamic acid had been converted to the colored iron complex. 
Three successive extractions with an equal volume of butanol were sufficient 
to remove all of the methylene blue. The hydroxamic acid complex was 
not extracted by this procedure. The resulting solution was made up to 
the original volume with distilled water. 

The disilver salt of monoacetylphosphoric acid was prepared by the 
method of Bentley (3). The silver salt was subsequently converted to the 
lithium salt by the addition of lithium chloride and the lithium salt was 
purified by precipitation from alcoholic solution as described by Lipmann 
(30). The lithium salt (about 95 per cent pure) was used directly. 

The highly specific acetylphosphatase was prepared from horse muscle by 
the method of Lipmann (unpublished; cf. (26)). 

The oxidation of ethanol, acetaldehyde, and fatty acids was estimated by 
measuring the oxygen uptake manometrically in a Warburg apparatus. 
Air was the gas phase and the temperature was 26°. 

Veronal buffer (0.04 m, pH 8.1) was found not to inhibit the enzymes 
involved in ethanol or acetaldehyde oxidation and was generally used when 
the oxidation of these substrates was studied. However, veronal did in- 
hibit the oxidation of fatty acids and therefore tris(hydroxymethyl)amino- 
methane (13) (0.05 m, pH 7.6 to 8.1) was used when the oxidation of fatty 
acids was investigated. 

A description of the various enzyme preparations used in these investiga- 
tions has been given in Paper I (41). 
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Results 


Factors Influencing Oxidation of Ethanol—In preliminary experiments a 
rapid oxidation was observed only during the first few minutes of incuba- 
tion. The rate fell off rapidly and the oxidation sometimes ceased before 
appreciable quantities of ethanol had been oxidized. This inactivation was 
correlated with changes in pH and with exposure of the enzyme to oxygen 
in the absence of a substrate. Therefore, the influence of these factors on 
the oxidation of ethanol was studied in more detail. 
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Fria. 1. The influence of pH on the oxidation of ethanol. Each Warburg vessel 
contained 0.05 m phosphate buffer and 0.04 m veronal buffer at the various pH levels, 
0.001 m methylene blue, 25 mg. of enzyme (Lot C), and 500 um of ethanol as substrate. 


The enzyme was dissolved in 1.0 ml. of water and dumped from the side arm after | 
equilibration at 26°. The gas phase was air. The numbers on the various curves | 


indicate the initial pH of the reaction mixture. 


Effect of pH—The influence of pH is shown in Fig. 1. Although the ini- | 
tial rate of oxidation was essentially the same over the pH range of 6.9 to 


8.7, marked differences were observed in the rate of inactivation. A rapid 
inactivation occurred at pH levels below 7.3. Maximal stability was pres- 


ent in the range of pH 7.8 to 8.1. At pH 8.7 inactivation occurred only 


after prolonged incubation. 


Effect of Oxygen—Complete inhibition of the ethanol-oxidizing system 


occurs if the enzyme preparations are shaken in air for 5 minutes in the 
absence of an oxidizable substrate. No such inhibition occurs even after 


prolonged shaking (1 hour) in nitrogen, or after shaking in air when ethanol | 
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is present. Therefore, in measuring the oxidation of ethanol, the enzyme 
solution was always placed in the side arm of the Warburg vessel and 
dumped into the substrate after equilibration rather than vice versa. By 
confining the enzyme solution in the narrow side arm of the vessel, relatively 
little surface is exposed to the air during the equilibration and almost no 
inactivation occurs. Whenever possible, the enzyme was dissolved in the 
largest convenient volume of water (usually 1.0 ml.) so that the ratio of 
liquid volume to exposed surface would be at a maximum. In some ex- 
periments the enzyme was mixed directly with the substrate and the oxygen 
uptake during the equilibration period was determined by extrapolation. 

















60F 
i 
O 50 F 200 pM Fy 
Fas Pe 
u 40 f ‘ yA Pi 
o) 
us 
ul 30 Ff 
S 
o 20 Ff 
a 
Y 
= 10F NO ETHANOL 

A 
\.S pM P ¢ 
(@) 








0 20 40 60 80 100 
TIME IN MINUTES 


Fic. 2. The effect of inorganic phosphate on the oxidation of ethanol. Each 
Warburg vessel contained 0.04 m veronal buffer (pH 8.1), 500 um of ethanol, 50 mg. 
of dried cells (Lot I), and the indicated quantities of inorganic phosphate (Pi). 
The total liquid volume was 2.0 ml. The dried cells were suspended in 1.0 ml. of 
water and tipped into the substrate after 10 minutes equilibration at 26°. The 
ordinate refers to micromoles of oxygen consumed. 


Influence of Inorganic Phosphate on Oxidation of Ethanol—The results of 
a typical experiment, presented in Fig. 2, show clearly that the amount of 
oxidation (oxygen uptake) is a function of the phosphate concentration. 
There was a progressive increase in the total quantity of oxygen consumed 
as the phosphate level was increased from 1.5 to 100 um per 2 ml. In- 
creasing the phosphate level to 200 um (0.1 m) caused no further increase in 
rate of oxidation or in the total amount of oxygen consumed. Of particular 
interest is the observation that 29 um of oxygen were consumed even when 
no inorganic phosphate was added. The inorganic phosphate content of 
the enzyme preparation (1.5 uM) was insufficient to account for the observed 
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oxygen consumption if ethanol oxidation was always coupled with an esteri- bi 
fication of inorganic phosphate. th 
The results suggested that the oxidation of ethanol does not require in- de 
organic phosphate but that the primary product of oxidation is not further PI 
oxidized unless inorganic phosphate is provided. If the mechanism postu- “si 
lated in Scheme I is correct, the oxidation of ethanol in the absence of in- ” 
organic phosphate should result in an accumulation of 2cetaldehyde and no of 
acetyl phosphate or acetic acid should be formed. ms 
Ox 
TaBLe I an 
Oxidation of Ethanol to Acetaldehyde in Absence of Inorganic Phosphate 
Each Warburg vessel contained 0.04 m veronal buffer (pH 8.1) and 50 mg. of dried 
cells (Lot I) in a totai liquid volume of 2.0 ml. The enzyme was added to the sub. 
strate just before placing the vessels in the water bath at 26°. The oxygen utiliza. 
tion for the first 10 minutes was therefore determined by extrapolation to zero time. M1 
The total incubation time was 205 minutes. (Li 
: Serer um 
Substrate | —O2 | Acetaldehyde* | 4 — “Tea sid 
a? & eRe ka - eat ; c for 
|  microatoms | micromoles uM microatoms acy 
Ethanol, 500um..............| 79.4 | 54 9.1 72.2 
Acetaldehyde, 104um..........| 4.9 | 98 . 
NOHO LOGDUIO!) <... cocks ind sds 4.6 | 0 
* Estimated by the hydroxylamine hydrochloride method. 
+t Determined in a parallel experiment; expressed as increase in volatile acid 8 
above the control. 8 
t The calculation is based on the assumption that 2 microatoms of oxygen are 6 
used in the formation of 1 um of volatile acid, and that 1 microatom is used for each 7 
micromole of acetaldehyde produced. 8 
8 
| 
Oxidation of Ethanol to Acetaldehyde—In order to test the above possi- ‘ 
bility, ethanol was oxidized in the absence of inorganic phosphate and the 
reaction mixture was then examined for acetaldehyde and volatile acids. 
A second sample containing acetaldehyde as the only substrate was used | 
asacontrol. The results are shown in Table I. As predicted, there wasa | ; 
large accumulation of acetaldehyde (54 um), accounting for at least 82 per | 
cent of the ethanol oxidized. Only 9 um of volatile acid were produce(, | oe 
showing that very little further oxidation occurred when no inorganic phos : 
phate was added. The results demonstrate clearly that in the absence d ? 
inorganic phosphate ethanol is oxidized more or less quantitatively to acet- | pie 
aldehyde according to reaction (1). or 
C:H,OH + 40. — CH;CHO + H;0 (1) 
Oxidation of Ethanol to Acetyl Phosphate—The discovery that inorganit *. 


phosphate is not necessary for the oxidation of ethanol to acetaldehyde | 
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but, nevertheless, does increase the total oxygen consumption, indicated 
that inorganic phosphate is concerned with the further oxidation of acetal- 
dehyde, probably to acetyl phosphate. The oxidation of ethanol in the 
presence of inorganic phosphate therefore was studied more extensively in 
order to determine the products of oxidation under these conditions. Ina 
number of experiments the inorganic phosphate concentration, the period 
of incubation, and the pH of the enzyme suspension were varied. Since it 
was anticipated that acetate or acetyl phosphate would be formed, the 
oxidation products were analyzed for total volatile acids, acyl phosphate, 
and inorganic phosphate. Typical results are summarized in Table II. 


TaBLeE II 
Oxidation of Ethanol in Presence of Inorganic Phosphate 
Each Warburg vessel contained 500 um of ethanol, 0.001 m methylene blue, 0.04 
m veronal buffer (at the pH indicated), 23 mg. of dried cell-free enzyme preparation 
(Lot C), and the indicated amounts of inorganic phosphate. The total liquid vol- 
ume was 2.0 ml. The enzyme preparation dissolved in 1.0 ml. was dumped from the 
side arm after equilibration. The temperature was 26°. After incubating in air 
for the period of time indicated, the mixture was analyzed for inorganic phosphate, 
acyl phosphate, and volatile acid. 


Incu- a : . | A. ide APac | 4 Volatile 
all ic Ee el Ree ae le | 4 Pi 
wie | ik | ale FY eee ame 1 aimee | 
8.1 | 105 | 11.4 | | 10.1 | 20.1 | 7.2 | 0.50 | 0.35 
8.1 | 260 | 52.4] 41.3 | 40.8 | 58.0 | 45.4 | 0.74 | 0.99 | 0.78 
6.8 | 105 | 103 | 21.0 | 12.5 | 16.2 | 13.4 | 0.77 | 0.60 | 0.82 
7.8 | 385 | 103 | 48.4 | 48.0 | 62.5 | 65.2 | 0.78 | 0.99 | 1.04 
8.1 | 385 | 103 | 55.8 | 53.4 | 66.6 | 68.6 | 0.80 | 0.95 | 1.03 
8.7 | 385 | 103 | 37.6 | 40.1 | 47.5 | 54.4 | 0.84 | 1.06 | 1.13 





* Includes the inorganic phosphate present in the enzyme preparation (1.4 um). 
+ Determined by the method of Lipmann and Tuttle (28). 

{ Determined by the method of Lipmann and Tuttle (29). 

§ This value includes acetyl phosphate and acetate. 


These data show that when adequate amounts of inorganic phosphate 
are added 1 mole of acetyl phosphate is produced and 1 mole of inorganic 
phosphate is esterified for each mole of oxygen utilized. In experiments to 
be described later, it was shown that the acyl phosphate produced was 
monoacetyl phosphate. The reaction may therefore be represented by the 
equation 


C.H,OH + O, + HPO; —- CH:COOPO; + H,0 (2) 


Examination of the last column in Table II reveals that the ratio of vola- 
tile acids produced (i.e. acetyl phosphate + acetate) to the oxygen con- 
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sumed increased as the initial inorganic phosphate level was increased. A 
ratio of 1.0 was obtained at the highest levels. This indicates that at high 
phosphate levels little or no acetaldehyde accumulates and the over-all 
reaction is quantitatively described by reaction (2). At the lower phos- 
phate levels the ratio was appreciably less than unity. Considerable 
amounts of acetaldehyde must have accumulated in these samples, since 
the molar quantity of oxygen consumed exceeded the quantity of inorganic 
phosphate added. The acetyl phosphate produced represents 75 to 85 per 
cent of the total volatile acid. In a subsequent paper, it is shown that the 
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Fic. 3. The influence of inorganic phosphate concentration on the oxidation of 
acetaldehyde. Each Warburg vessel contained 150 um of acetaldehyde, 0.04 m ver- 
onal buffer (pH 8.1), 0.001 m methylene blue, and 20 mg. of cell-free extract (Lot 
D). The total liquid volume was 2.3 ml. The enzyme preparation was dissolved 
in 1.0 ml. of water and dumped from the side arm after equilibration at 26°. The 
gas phase was air. The numbers on the various curves indicate the micromoles of 
inorganic phosphate added. 
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small amount of free acetic acid undoubtedly is formed by hydrolysis of 
acetyl phosphate by an acylphosphatase present in the cell-free extract. 
Oxidation of Acetaldehyde to Acetyl Phosphate—From the above studies it 
appeared that the formation of acetyl phosphate from ethanol (reaction (2)) 
is in reality a two-step process in which acetaldehyde is the intermediate 
compound whose further oxidation is coupled with an esterification of in- 
organic phosphate. In order to determine whether this was the case, the 
dependence of acetaldehyde oxidation on the concentration of inorganic 
phosphate was studied. The results given in Fig. 3 show that acetaldehyde 
is oxidized only in the presence of inorganic phosphate. At the lower phos- 
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phate levels (5.5 to 50 um), at which the uptake of oxygen had almost ceased | 
by the end of the incubation period, there was good agreement between | 
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the molar quantity of oxygen consumed and the amount of inorganic phos- 
phate added. 

After incubation, the contents of the Warburg vessels were analyzed for 
acetyl phosphate, inorganic phosphate, and total volatile acid. The data 
in Table III show that for each atom of oxygen consumed 1 mole of acetyl 
phosphate was produced, and they provide final evidence that equations 
(1) and (3) delineate the mechanism of ethanol oxidation. 


CH;CHO + 40; + HPO; — CH;,COOPO; (3) 


Effect of Ratio of Inorganic Phosphate to Acetyl Phosphate on Rate of Acet- 
aldehyde Oxidation—Examination of Fig. 3 shows that the rate of acetalde- 
hyde oxidation decreases gradually with increase in incubation time. 


TaBLe III 
Oxidation of Acetaldehyde to Acetyl Phosphate 
For the experimental conditions see Fig. 3. 





| 





Piinitial | Pit | A Pact | Oruptake Votan Soni a Fae 
—— —_——— = aa , 
uM pM pM microatoms | uM 
0.5 | 0.25 | | 3.5 
5.5 4.4 = 6.9 | 5.7 0.88 1.48 
10.5 8.9 | 10.7 | 10.7 9.0 1.00 1.21 
50.5 41.5 46.6 | 46.8 48.1 0.97 1.12 
75.5 | 68.3 68.8 66.2 | 69.1 0.99 1.01 
100 | 75.7 85.1 | 82.2 | 81.4 1.04 1.12 
200 | 84.5 93.1 111 97.6 0.9 1.12 


; oO 





* Determined by the method of Lipmann and Tuttle (28). 
+ Determined by the method of Lipmann and Tuttle (29). 
t The value includes acetyl] phosphate and acetate. 


Moreover, the rate of decrease is greater at the lower phosphate levels. 
Since the initial rate of oxidation is essentially identical over the range of 
phosphate levels varying from 50 to 200 uM, it is obvious that this decline 
in rate is not due to a decreasing phosphate concentration. As the initial 
acetaldehyde concentration was the same in all samples, the change in rate 
was clearly not due to a change in substrate concentration. If the effect 
were due to enzyme inactivation, one would expect inactivation to occur in 
all samples at the same rate. Since this did not occur, it seemed likely that 
the change in rate was due to inhibition by the product of the oxidation, 
acetyl phosphate. To test this possibility the rates of oxidation at various 
times, estimated from the corresponding tangents to the curves in Fig. 3, 
were plotted as a function of the ratio of inorganic phosphate to acetyl 
phosphate (Pi:Pac). The inorganic phosphate-acetyl phosphate ratio at 
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any given period of time was calculated from oxygen uptake data. The 
results of three sets of calculations based on the oxygen uptake-time curves 
for the samples initially containing 50, 75, and 100 uM of inorganic phos- 
phate are plotted in Fig. 4. Since all three sets of data fall on the same 
curve, it is obvious that the decrease in rate of acetaldehyde oxidation wag 
due to the accumulation of acetyl phosphate. 

This conclusion was subsequently tested experimentally by measuring the 
rate of acetaldehyde oxidation in samples to which various amounts of syn- 
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Fia. 4. The influence of the ratio of inorganic phosphate to acetyl phosphate on the 
rate of acetaldehyde oxidation. The circles refer to values calculated from the data 
presented in Fig. 3; O, to the sample containing 50 um of inorganic phosphate (Pi) 
initially; @ , to the sample containing 75 um of Pi; @ to the sample containing 100 um 
of Pi. The rate, expressed in c.mm. of O, per 10 minutes, was calculated from tan- 
gents to the curves in Fig. 3 (see the text). XX represents experimental values ob- 
tained from an experiment in which the rate of acetaldehyde oxidation was studied 
at various acetyl phosphate levels. The latter experiment was similar to that de- 
scribed in Fig. 3, except that each Warburg vessel contained 50 um of Pi, 100 um of 
acetaldehyde, and the amounts of acetyl phosphate indicated by the Pi:Pace ratio. 
The c.mm. of O2 consumed during the first 10 minutes of incubation was taken asa 
measure of the rate. 





thetic acetyl phosphate had been added. Sufficient amounts of acetyl 
phosphate were added so that the Pi: Pac ratio varied from 0.6 to 3.0. The 
quantity of oxygen consumed in the first 10 minutes of incubation (after 
equilibration) was taken as a measure of the rate. 

The data obtained from this experiment (also plotted in Fig. 4) were in 
complete agreement with those obtained from Fig. 3. Fig. 4 shows that 
the rate of oxidation is almost directly proportional to the Pi: Pac ratio 
over the range from 0 to 2.0, while at higher ratios the rate is essentially 
constant. 
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Dismutation of Acetaldehyde—Higher plants (34), animals (8), and bac- 
teria (38) are able to catalyze the dismutation of acetaldehyde to ethanol 
and acetic acid. Since no steam-volatile acid other than acetic acid is 
produced in the aerobic oxidation of acetaldehyde by enzyme preparations 
of C. kluyveri, it seemed probable that if a dismutation of acetaldehyde 
occurred it would involve an esterification of inorganic phosphate according 
to the reaction, 


2CH,CHO + HPO; — CH,COOPO; + C.H,OH (4) 


To investigate this possibility two samples of an enzyme solution, one con- 
taining acetaldehyde and one containing ethanol, were incubated in the 
presence of inorganic phosphate in evacuated Thunberg tubes. After vari- 





P 
ay 
wm 


a) 
oO 








ETHANOL 


ie) 0 








MICROMOLES OF ACETYL- 
cs) 





Q 80 160 240 320 400 
TIME IN MINUTES 
Fig. 5. The dismutation of acetaldehyde. Two Thunberg tubes containing 0.1 
m phosphate buffer (pH 7.0), 30 mg. of cell-free extract (Lot C), and 400 um of ethanol 


or 150 um of acetaldehyde in a total liquid volume of 2.0 ml. were evacuated and in- 
cubated at 26°. 


ous periods of time aliquots were withdrawn and analyzed for acetyl phos- 
phate. The data, presented in Fig. 5, show that acetyl phosphate was 
formed rapidly from acetaldehyde under anaerobic conditions. The rela- 
tively small amount of acetyl phosphate found with ethanol as the substrate 
was due undoubtedly to the presence of traces of oxidizable substances in 
the enzyme preparation (see Paper III of this series). The results strongly 
indicate that a dismutation has occurred according to equation (4), although 
the formation of alcohol has not been directly demonstrated. 

Substitution of Arsenate for Inorganic Phosphate in Oxidation of Acetalde- 
hyde—In several biological reactions involving inorganic phosphate, arse- 
nate can replace phosphate (44, 9, 18). This replacement was investigated 
in the oxidation of acetaldehyde. The results of a typical experiment, 
presented in Fig. 6, show that arsenate (0.00025 to 0.025 m) can substitute 
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for inorganic phosphate to a limited extent. The initial rates of oxidation 
with arsenate and with phosphate were identical; however, arsenate caused 
a complete inhibition of oxidation after 15 to 20 minutes incubation. 

In the presence of arsenate acetaldehyde was converted quantitatively to 
acetic acid; no acetyl derivative could be detected. The behavior of ar. 
senate in this system is therefore analogous to its behavior in the oxidation 
of pyruvic acid by enzyme preparations of Lactobacillus delbrueckii (24) and 
in the oxidation of triose phosphate by yeast preparations (44). 
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Fic. 6. The effect of arsenate on the oxidation of acetaldehyde. Each Warburg 
vessel contained 0.04 m veronal buffer (pH 8.7), 55 um of acetaldehyde, 50 mg. of dried 
cells (Lot I), and the indicated amounts of arsenate or inorganic phosphate (Pi). 
The dried cells were suspended in 1.0 ml. of water and dumped from the side arm 
after equilibration at 26°. 








Oxidation of Butyrate to Acetyl Phosphate and Acetate—It has been shown 
previously (41) that enzyme preparations of C’. kluyvert are able to convert | 


ethanol and acetate to butyrate and caproate under anaerobic conditions. 
It seemed possible, therefore, that the preparations would catalyze the oxi- 
dation of butyrate and caproate if an oxidant of sufficiently high potential 


~— 


was used. Inasmuch as molecular oxygen can serve as an oxidant for etha- | 


nol and acetaldehyde, the enzyme preparations contain an active terminal 
oxidase system. It appeared probable, therefore, that butyrate could be 
oxidized aerobically. This was confirmed by observing the uptake of 
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oxygen manomeirically when butyrate was added to the enzyme prepara: | 
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It was found (Fig. 7) that inorganic phosphate is required for butyrate 
oxidation. No significant oxygen uptake occurred unless inorganic phos- 
phate was added. Arsenate was completely ineffective in replacing inor- 
ganic phosphate. 

If the mechanism of butyrate oxidation were the reverse of that postu- 
lated in Scheme I for the synthesis of butyrate, one would expect to find 
acetyl phosphate and acetate as the final end-products. Therefore, several 
experiments were performed to determine whether acetyl phosphate and 
acetate are actually formed. The results of a typical experiment, given in 
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Fic. 7. The effect of inorganic phosphate and arsenate on the oxidation of butyr- 
ate. Each Warburg vessel contained 50 mg. of dried cells (Lot H), 40 um of butyr- 
ate, and the indicated amount of inorganic phosphate or arsenate. The total liquid 
volume was 2.0 ml. The pH was 8.0. The samples were incubated at 26° in air. 





Table IV, show that for each mole of butyrate added 1 mole of oxygen was 
consumed and 1 mole of acetyl phosphate and volatile acid was formed. 
The volatile acid was shown by Duclaux distillation to be acetic acid. 
These results may be represented by equation (5). 


CH;CH.CH.COO- + 0, + HPO; — CH;COOPO, + CH;COO-+H;:0 (5) 


The butyrate-oxidizing system was rather insensitive to the hydrogen ion 
concentration over the range from pH 7.0 to 8.0, but the rate of oxidation 
fell off sharply on either side of this range; almost no oxidation was observed 
at pH 5.0 or 9.2. 
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The system was completely insensitive to cyanide at concentrations from 
0.02 to 0.08 m. 

Oxidation of Fatty Acids Other Than Butyrate—Growing cultures of (. 
kluyveri are able to synthesize fatty acids with 4 to 7 carbon atoms (6). It 


TaBLE IV 
Oxidation of Butyrate to Acetyl Phosphate and Acetat: 

Each Warburg vessel contained 50 mg. of enzyme, 100 uM of inorganic phosphate 
(pH 8.1); 0.1 ml. of NaQH (3.5 m) was placed in the center wells. The total liquid 
volume was 2.0 ml. All samples were incubated 45 minutes at 26°, after which time 
the oxygen uptake had stopped. All data have been corrected for a relatively small 


blank (about 10 per cent) obtained when similar samples were incubated in the 
absence of added butyrate. 


| Na butyr- 


Enzyme preparation | ate added | —O2 | A acetyl P -. —s - sce 
| uM | uM | ; uM uM 
Lot I, dried cells........ | 222-3835 Td 17.7 0.96 
“ G, cell-free extract...... .| 18.2 18.2 16.6 15.5 0.91 

* Total volatile acid minus acetyl phosphate. Duclaux distillation of the vola- 
tile acid proved it to be pure acetic acid. 

TABLE V 
Oxidation of Various Fatty Acids (Cy to Ci») 

Each Warburg vessel contained 0.1 m inorganic phosphate, 25 mg. of dried cells 
(Lot H), and about 10 um of fatty acid. The total liquid volume was 2.0 ml.; tem- 
perature, 26°. All values for oxygen uptake have been corrected for a blank sample 
to which no substrate was added. 

Fatty acid O2 uptake in 25 min 
c.mm ¥ 
Diutyric....... Be = 224 
Se as - 225 
Caproic... ad 180 
Heptanoic. .. rate wt 86 
Octanoic Sy ates idaho SE eae ees 76 
SES. SW. SUAS Achaea ban ends ee ous dva dan cena eae —6 





was of interest, therefore, to see whether the enzyme preparation could 
oxidize fatty acids containing 5 or more carbon atoms. 

The results of a single experiment in which the oxidation of fatty acids 
containing 4 to 10 carbons was tested are reported in Table V. Butyrate 
and valerate were oxidized at the same rate. Increasing the chain length 


above 5 carbon atoms caused the rate to fall off sharply. During the 25 | 
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minute incubation period only about one-third as much oxygen was con- 
sumed with heptanoate or octanoate as with butyrate; capric acid was not 
oxidized at all. 

The oxidation of octanoate is of interest, since this acid apparently is not 
formed in any significant amount by growing cultures of C. kluyveri (6). 
Heptanoate, which is formed by growing cultures from ethanol and propio- 
nate, is not oxidized by the enzyme preparation at an appreciably greater 
rate than is octanoate. 

The relative rates of oxidation of the fatty acids reported in Table V refer 
to the rates obtained when all fatty acids were present initially at a concen- 
tration of 0.005 m. The lower rates observed with the longer chain fatty 
acids may be due to an inhibitory effect of these acids when present in a 
relatively high concentration. Such an inhibitory effect was observed by 
Grafflin and Green (15) in studies with rabbit kidney preparations. In 
other experiments it was shown that enzyme preparations of C. kluyveri 
did not oxidize capric acid in 0.0005 m concentrations. The failure to ob- 
tain oxidation apparently was not due to an inhibition of the enzyme sys- 
tem, since the rate of butyrate oxidation was unaffected by the addition of 
eapric acid (0.0005 to 0.0025 m). 

The bacterial enzyme seems, therefore, to be specific for those fatty acids 
of 8 or fewer carbon atoms. Nonylic acid was not tested. A high degree 
of specificity has been observed also with enzyme complexes derived from 
various animal tissues. Thus the rabbit kidney complex (15) was able to 
oxidize fatty acids containing 12 or fewer carbon atoms (Cio and C,: only at 
very low concentrations), whereas the rat liver complex studied by Lehnin- 
ger (21) was able to oxidize all the fatty acids from C, to Cis, and the rate 
of oxidation actually increased with an increase in chain length. 

Effect of Dialysis on Oxidation of Butyrate—Washed particulate enzyme 
suspensions derived from rat liver (22) will oxidize fatty acids only if ade- 
nylic acid (or a suitable derivative), inorganic phosphate, and fumarate 
(or another 4-carbon dicarboxylic acid) are added. It has been shown that 
the oxidation of butyrate by enzyme preparations of C. kluyveri requires the 
addition of inorganic phosphate; however, attempts to stimulate oxidation 
by the addition of adenosine monophosphate, adenosine diphosphate, 
adenosine triphosphate, acetyl phosphate, or fumarate were unsuccessful. 
It was possible that sufficient quantities of such substances were present in 
the enzyme preparation. To investigate this possibility, studies were made 
with dialyzed extracts. The dialysis was carried out in two steps, the first 
of which consisted of a crude dialysis against a relatively small volume of 
dilute sulfide solution. A concentrated dialysate was thus obtained, which 
could be used to reactivate the dialyzed enzyme. The second step was a 
more exhaustive dialysis against a large volume of sulfide solution. In 
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both instances the dialysis was made under strictly anaerobic conditions, 
More complete details are as follows: 

Preparation of Dialysate—1.0 gm. of cell-free extract (Lot G) dissolved jn 
10 ml. of 0.02 per cent Na.S-9H.O was sealed in a cellophane bag. The bag 
was placed in a 35 ml. glass vial which was completely filled with dilute 
sulfide solution. The vial was sealed with a rubber stopper and was shaken 
vigorously on a shaking machine, overnight, at 4°. The dialysate (about 
25 ml.) was a brilliant yellow with a strong greenish fluorescence, typical of 
the flavins. It was further concentrated in vacuo to a volume of 10 ml. 

Preparation of Dialyzed Enzyme—After the preliminary dialysis described 
above, the enzyme solution (still in the cellophane bag) was transferred to 
a 1 liter Erlenmeyer flask completely filled with the dilute sulfide solution, 
The flask was stoppered and the dialysis was continued for 6 hours at 4° 
with vigorous stirring by means of an induction type stirrer. The dialyzed 
enzyme thus obtained was still faintly yellow, indicating that not all of the 
flavin had been removed. Also, it had become somewhat cloudy in appear- 
ance, indicating some protein denaturation. 

The dialyzed enzyme preparation was almost completely unable to cata- 
lyze the oxidation of butyrate but was partially activated by the addition 
of inorganic phosphate. Attempts were made to stimulate the oxidation 
further by the addition of the dialysate, yeast extract, and acetyl phosphate, 
The results, given in Table VI, show that yeast extract alone had no ac- 
tivating effect. However, when acetyl phosphate was added in addition to 
yeast extract, oxidation was increased 3-fold. The dialysate was slightly 
less effective than yeast extract and apparently supplied the same or similar 
factors needed for butyrate oxidation, since little further improvement was 
obtained when yeast extract and the dialysate were added simultaneously. 

Since no significant amount of acetyl phosphate could be detected in the 





~ 


undialyzed preparations, the observation that acetyl phosphate is needed to | 
stimulate butyrate oxidation by dialyzed extracts was unexpected. The | 
obvious conclusion was that undialyzed preparations contain acetyl phos- | 
phate in trace amounts that cannot be determined by the usual methods of | 


analysis. However, all attempts to inactivate the butyrate oxidase system 
in undialyzed preparations by preincubating them with a highly active 
animal acetylphosphatase were unsuccessful. 

A number of experiments were done to see whether some of the common 
coenzymes could substitute for the dialysate or yeast extract. The data 
from a typical experiment, given in Table VII,! show that none of the sub- 


1 The data of Table VII are not directly comparable with those of Table VI, since 
the dialyzed enzyme preparation had been kept in the refrigerator 2 days, during 


which time some inactivation had taken place. Also the concentration of the en- | 
zyme used in the last experiment was only two-thirds as great as in the experiment 


described in Table VI. 
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stances tested (coenzyme I, adenosine triphosphate, adenosine mono- 
phosphate, flavin-adenine dinucleotide, or any of the divalent ions) could 
replace the dialysate. It is also evident that both acetyl phosphate and 
the dialysate must be present in order to obtain activation; little or no 
stimulation was obtained when either one was added separately. 

In other experiments that will not be described in detail, the effects of 
the various coenzymes added independently and in various combinations 
were studied. In no instance was it possible to show a stimulation with 
anything other than acetyl phosphate and the dialysate or yeast extract. 


TaBLe VI 


Effect of Yeast Extract, Acetyl Phosphate, and Dialysate on Oxidation of Butyrate by 
Dialyzed Extracts of C. kluyveri* 

Each Warburg vessel contained 0.5 ml. of the dialyzed enzyme solution (about 
50 mg., dry weight), 40 um of sodium butyrate, and the amounts of inorganic phos- 
phate, yeast extract, dialysate, and acetyl phosphate indicated. The total volume 
was 2.0 ml.; temperature, 26°. 

















a = pe i? or | Dialysate added | sn ee | =i tn See. 
ye a | oul. | ue "| 
0 0 0 0 10 
100 0 0 0 | 114 
100 15 0 | 0 | 81 
100 15 0 10 310 
100 0 1.0 | 10 265 
100 | 15 | 1.0 10 | 





of acetyl phosphate in the absence of yeast extract or dialysate. It is evident from 
the data of Table VII that acetyl phosphate is ineffective unless yeast extract or 
dialysate is added simultaneously. 

+ The yeast extract was prepared as follows: 100 gm. of dry yeast (Fleischmann’s, 
20-40) suspended in 300 ml. of water were incubated at 37° for 90 minutes and cen- 
trifuged (about 2500 r.p.m.) for 30 minutes. The slightly turbid supernatant solu- 
tion was lyophilized and the supply of dried extract thus obtained was stored at 
— 18°. 


In view of the fact that Mgt* is reported necessary for the oxidation of 
fatty acids by animal enzyme systems (22, 15, 35), this ion was given special 
attention but no activation could be observed. 

The dialysate obviously contains some as yet unidentified factor or factors 
involved in fatty acid oxidation. Until this factor is more adequately 
characterized, the negative results obtained with the other cofactors studied 
are not conclusive. Some of these factors may be required in addition to 
the unknown factors in the dialysate. 

Identification of Monoacetyl Phosphate As End-Product of Ethanol, Acetal- 
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dehyde, and Butyrate Oxidation—The following evidence indicates that 
monoacetyl phosphate is the end-product of these oxidations. (a) The 


TaBLeE VII 
Effect of Various Coenzymes on Activity of Dialyzed Extracts 
Each Warburg vessel contained 0.5 ml. of dialyzed enzyme (Lot G), 100 uM of 
inorganic phosphate, 40 um of butyrate, and the amounts of other substances indi- 
cated. The total volume was 3.0 ml.; temperature, 26°. 





| 















































Divalent | Coenzyme Flavin- : . 
; s . Adenos Ad . cae 
x ; | added,* fopy — manophoe- triphos Dialysate Fn Pwo Os up- 
added | OPT | cent | tide | baa | Paded | ““484 | added | added | ‘# 
sclution solution | added | | | 
as ee ae — wba boat om oe. | comm! 
0 0 0 0 0 0 1 0 0 15 
10 0 0 0 0 0 0 0 0 | 
10 0 0 0 0 | 0 1 0 0 | 106 
10 0 0 0 oo 0 0 1 Oo | 124 
10 0.1 0:1 0 0 0 0 0 0 | F 
10 0.1 0.1 20 0 0 0 0 ei @ 
10 0.1 0.1 20 10 0 0 0 0 7 
10 0.1 0.1 20 10 10 0 0 0 3 
10 0.1 0.1 20 10 10 1 0 0 56 
10 0.1 | 0.1 20 10 | 10 | 1 0 15 169 
*A mixture of MgSQ,, MnSQ,, FeSQ., ZnSO,, CoCl:, and CaCl. 
TaBLe VIII 
Hydrolysis of Natural and Synthetic Acetyl Phosphate 
| Acid hydrolysis* | Enzymatic hydrolysist 
Time Pa caer tr ee 
| Natural | Synthetic | Natural Synthetic 
min. . 7 per cent per cent | per cent per cent 
5 | 23 | 23 | 28 27 
10 | 42 40 50 52 
15 52 | 55 | 62 64 
20 | 65 | 66 | ; 
25 | 72 74 | i 
30 | 79 80 | 86 85 
40 | 88 87 


| | 





* Hydrolysis in 0.5 n HCl at 40°. 
+ Hydrolysis by purified muscle acetyl phosphatase. Acetate buffer (0.1 m, pH 
5.6); 37°; initial inorganic phosphate, 0.012 m. 


substance reacts readily with hydroxylamine to give a hydroxamic acid 
under the conditions of Lipmann and Tuttle (29). (b) Steam distillation 
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of samples, in which these substrates were oxidized more or less quantita- 
tively to an acyl phosphate (Tables II, III, and IV), showed that 1 mole of 
volatile acid is obtained per mole of acyl phosphate formed; a Duclaux 
distillation of the volatile acid showed it to be acetic acid. (c) The rate of 
hydrolysis in 0.5 n hydrochloric acid at 40° is identical with that of synthetic 
monoacetyl phosphate (Table VIII). (d) The effect of synthetic mono- 
acetyl phosphate on the rate of acetaldehyde oxidation is exactly the same 
as that of the compound produced enzymatically (see Fig. 5). (e) The 
rate of hydrolysis by the highly specific acetylphosphatase obtained from 
horse muscle (26, 17) is identical with that for monoacetyl phosphate 
(Table VIII). 


DISCUSSION 


The experiments described above have shown that enzyme preparations 
of C. kluyveri catalyze the oxidation of ethanol to acetyl phosphate. The 
oxidation proceeds in two steps: (a) the ethanol is oxidized to acetaldehyde, 
and (b) the acetaldehyde is further oxidized in the presence of inorganic 
phosphate to acetyl phosphate. No oxidation of acetaldehyde occurs in 
the absence of inorganic phosphate or arsenate. 

The oxidation of ethanol to acetaldehyde is catalyzed by animals (32), 
plants (42), and microorganisms (36). Several different kinds of enzymes 
catalyzing the oxidation of acetaldehyde to acetate have been described 
(14, 8,39). However, a coupled oxidative phosphorylation of acetaldehyde 
with the formation of acetyl phosphate has not been reported previously, 
and, in those instances in which this point was specifically tested, it was 
found that inorganic phosphate definitely was not required for the oxidation 
of acetaldehyde (8,39). The oxidation of acetaldehyde to acetyl phosphate 
is, therefore, a new type of acetaldehyde oxidation. In most other reac- 
tions in which the formation of acetyl phosphate is coupled with the esteri- 
fication of inorganic phosphate, pyruvate serves as the starting material. 
Thus enzyme preparations of Lactobacillus delbrueckii catalyze the oxi- 
dative decarboxylation of pyruvate to acetyl phosphate and CO, (24, 25); 
extracts of Escherichia coli catalyze the phosphoroclastic splitting of pyru- 
vate to acetyl phosphate and formate (43) ; and dried extracts of Clostridium 
butylicum catalyze the oxidation of pyruvate to acetyl phosphate, He, and 
CO, (20). The only other substrate known to be decomposed with the 
formation of acetyl phosphate is acetoacetate (40). The phosphoroclastic 
splitting of acetoacetate will be discussed more extensively in a later paper. 

The oxidation of acetyldehyde to acetyl phosphate is analogous to the 
oxidation of triose phesphate to 1 ,3-diphosphoglyceric acid (44). In the 
latter reaction it is postulated that 1,3-diphosphoglyceraldehyde is the 
actual reductant. Lipmann (24) has postulated an analogous intermediate 
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in the oxidative formation of acetyl phosphate from pyruvate. Similarly, 
one may postulate that 1-phosphoacetaldehyde is an intermediate in acetal- 
dehyde oxidation (equation (6)). 


OPO; 


O» 
CH:CHO + HPO; —— CH;—C—OH ing CH;COOPO; + H:0O (66) 


H 


The discovery that ethanol is oxidized to acetyl phosphate is of consider- 
able interest, since it is a confirmation of the idea that an ‘“‘active” 2-carbon 
compound is involved in fatty acid synthesis. This idea is further em- 
phasized by the finding that enzyme preparations of C. kluyveri catalyze 
the aerobic oxidation of butyrate to acetyl phosphate and acetate. The 
latter discovery is a direct confirmation of the fact, already evident from 
tracer studies with homogenates of animal tissue (7, 45), that fatty acids 
containing an even number of carbon atoms are oxidized to 2-carbon com- 
pounds. 

The finding that acetyl phosphate is essential for the oxidation of buty- 
rate by dialyzed enzyme preparations was completely unexpected. It calls 
to mind the situation encountered with animal fatty acid oxidase systems 
in which a 4-carbon dicarboxylic acid, such as fumarate, must be added 
along with adenylic acid, or a suitable derivative, to initiate fatty acid 
oxidation (15, 22). It is tempting to speculate that the réle of fumarate 
and adenylic acid in the animal enzyme systems is, at least in part, analo- 
gous to that of acetyl phosphate in the bacterial enzyme system. Both 
may serve as a source of high energy phosphate or acetyl groups that may 
be needed in catalytic amounts to initiate the oxidation of fatty acids. 


SUMMARY 


Cell-free enzyme preparations of C. kluyveri have been shown to catalyze 
the oxidation of ethanol to acetaldehyde. The acetaldehyde thus formed 
is further oxidized in the presence of inorganic phosphate to monoacety] 
phosphate. 

The enzyme preparations also catalyze the oxidation of the lower fatty 
acids. Butyrate is oxidized quantitatively to a mixture of monoacety] 
phosphate and acetate. 

The oxidation of butyrate by dialyzed enzyme preparations is stimulated 
by the addition of yeast extract and acetyl phosphate. Attempts to substi- 
tute known coenzymes and divalent ions for these materials were unsuc- 
cessful. 
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FATTY ACID SYNTHESIS BY ENZYME PREPARATIONS OF 
CLOSTRIDIUM KLUYVERI* 


III. THE ACTIVATION OF MOLECULAR HYDROGEN AND THE 
CONVERSION OF ACETYL PHOSPHATE AND ACETATE 
TO BUTYRATE 


By E. R. STADTMAN anp H. A. BARKER 
(From the Division of Plant Nutrition, University of California, Berkeley) 


(Received for publication, April 4, 1949) 


It has been shown that cell-free enzyme preparations of the bacterium 
Clostridium kluyvert catalyze the anaerobic conversion of ethanol and ace- 
tate to butyrate and caproate (5). Under aerobic conditions, with oxygen 
as the oxidant, these preparations catalyze the oxidation of ethanol to acetyl 
phosphate and of butyrate to a mixture of acetyl phosphate and acetate (6). 
These results indicate that acetyl phosphate is an intermediate in the 
synthesis of butyrate from ethanol and acetate. 


+4H 
—4H +acetate 
Ethanol + H;:PO,——> acetyl phosphate ———___ butyrate + H,PO, (I) 


It remains to be demonstrated, however, that acetyl phosphate is actually 
converted to butyrate. To do this, it would be desirable to use a reducing 
agent, the presence of which could not complicate the interpretation of the 
experimental results. Ethanol is the normal hydrogen donor in butyrate 
synthesis by C. kluyveri, but this substance is unsuited for the immediate 
problem because acetyl phosphate is the end-product of ethanol oxidation. 
The present investigation was therefore made to find some substance other 
than ethanol that could act as a hydrogen donor in the enzyme system of 
C. kluyvert. Reduced benzoyl viologen, hydrogen sulfide, and molecular 
hydrogen were among the substances tried. Indications were obtained 
that all three of these substances could serve as hydrogen donors. For 
obvious reasons, molecular hydrogen would be the most suitable and the 
use of this substance as a hydrogen donor has been studied in some detail. 

It is the purpose of this paper to present the results of experiments show- 
ing that molecular hydrogen is activated by cell-free extracts of C. kluyveri 
and that, with this substance as a reductant, acetyl phosphate and acetate 
are converted to butyrate and caproate. 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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Methods 


Hydrogen uptake was measured manometrically by the usual Warburg 
technique. The other methods used, 7.¢., the estimation of acyl phosphates 
and volatile acids and the separation and identification of the lower fatty 
acids, have been described elsewhere (5, 6). The preparation of the cell-free 
extracts and a description of the various preparations used in this investiga- 
tion have also been given elsewhere (5). 


Results 


Activation of Molecular Hydrogen—Bornstein and Barker (2) have shown 
that growing cultures of C. kluyveri produce small quantities of hydrogen in 
ethanol-acetate fermentations. This indicates that the bacteria contain 
an active hydrogenase system catalyzing the reaction, 


Coenzyme:2H = H; + coenzyme (1) 


If this is true and if the hydrogenase is not inactivated during the prepara- 
tion of the cell-free extracts, molecular hydrogen should be able to serve as 
a reductant in fatty acid synthesis by the enzyme preparations. 

Acetaldehyde is an established intermediate in the oxidation of ethanol by 
these preparations (6) and it should serve as an oxidant under appropriate 
conditions. Therefore, an experiment was made to determine whether 
molecular hydrogen could be used to reduce acetaldehyde. The enzyme 
preparation without added substrate was first shaken in a hydrogen atmos- 
phere until no further uptake of hydrogen occurred (Fig. 1). About 5 um 
of hydrogen were consumed during this preliminary incubation period (80 
minutes). Then 24 um of acetaldehyde were added. Hydrogen uptake 
was immediately resumed at a rapid rate and continued in a linear fashion 
until 20.4 um of hydrogen had been used. This corresponds to 85 per cent 
of the amount required for a reduction of acetaldehyde to ethy! alcohol 
according to equation (2). 


CH;CHO + H, — CH;CH.OH (2) 


This experiment shows conclusively that molecular hydrogen is activated 
by the enzyme preparation. 

Reduction of Acetyl Phosphate and Acetate with Hydrogen—Since the fact 
has been established that hydrogen can serve as a reductant in reactions 
catalyzed by enzyme preparations of C. kluyveri, it became possible to test 


directly the hypothesis that acetyl phosphate and acetate are precursors of | 


butyrate. 

When acetyl phosphate and acetate were incubated with the enzyme ina 
hydrogen atmosphere, hydrogen was consumed at an almost constant rate 
for 6 hours. Then the experiment was discontinued and the reaction mix- 











c 





‘burg 
hates 


latty 
l-free 
stiga- 


hown 
en in 
ntain 


(1) 


para- 
ve as 


ol by 
riate 
ether 
zyme 
MOSs- 
5 uM 
d (80 
»take 
shion 
cent 
cohol 


(2 


\e) 


rated 


» fact 
tions 
) test 
ors of 


pina 
rate 
mix- 








E. R. STADTMAN AND H. A. BARKER L119 


ture was examined for the presence of butyric acid. A similar sample 
containing acetaldehyde as the substrate was included for comparison. 
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Fic. 1. The reduction of acetaldehyde with molecular hydrogen. The Warburg 
vessel contained, initially, 0.04 m veronal buffer (pH 8.1) and 23 mg. of cell-free extract 
(Lot D) in a volume of 2.0 ml. The sample was shaken in hydrogen (26°) until no 
further uptake of H, was observed (70 minutes). At this time, 24 um of acetalde- 
hyde were introduced into the side arm and the vessel was again flushed with H; 
and after a 5 minute equilibration the acetaldehyde was tipped into the enzyme. 





TaBLeE [| 
Reduction of Acetaldehyde and Acetyl Phosphate with H, 


Kach Warburg vessel contained 0.04 m veronal buffer (pH 8.1) and 20 mg. of cell- 
free extract (Lot C). The total volume was 2.0 ml. The gas phase was H;. The 
total incubation time (at 26°) was 400 minutes. The data have been corrected for 
the H, uptake (3.9 um), final butyrate content (about 4 um), and total volatile acid 
(6 um) of a control sample incubated without a substrate. The butyrate concentra- 
tion was computed from Duclaux distillation data. 





Total | Butyrate 





Substrate —H: | volatile Butyrate 
acid, final —H: 
ay IA Gi re 
| pM uM uM 
Acetaldehyde, 96 wM................0.0000s | 48 3 
Acetyl P, 26 um, + acetate, 75 uM........... | 37 80 17 0.45 


The results, presented in Table I, show that for every 2 moles of hydrogen 
consumed, about 1 mole of butyrate was formed. The data are thus con- 
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sistent with the view that acetyl phosphate and acetate are reduced to 
butyrate. 


CH;COOPO, + CH,COO- + 2H: — CH;CH:CH:COO- + HPO; + H.0 4) 





Since only 3 uM of volatile acid were produced in the sample containing | 


acetaldehyde, it is probable that most, if not all, of the hydrogen consumed 
was used to form ethanol (equation (2)). 
Influence of Acetate on Synthesis of Butyrate by H, Reduction—The fore. 


going experiment was discontinued before the hydrogen uptake had ceased, | 


and, although 26 um of acetyl phosphate were added, only 17 um of butyrate 
were formed. In other experiments which were allowed to go to completion 
(to be described, Table IT) it was found that acetyl phosphate was reduced 
almost quantitatively (80 to 95 per cent) according to equation (3). From 
this it may be concluded that butyrate synthesis involves a net utilization 
of 1 mole each of acetyl phosphate and acetate. This was to be expected 
in view of the fact that 1 mole each of these substances was produced in the 
oxidation of butyrate. The data of these experiments do not, however, 
indicate how the two C, compounds are converted to butyrate. Two ob- 
vious mechanisms are possible. 1 molecule of acetyl phosphate may con- 
dense with acetate to form an oxidant (Compound c, equation (4)) which is 
reduced to butyrate. The over-all reaction would be described by equa- 
tion (3). 


- = +4H i 
CH;COOPO, + CH,;COO -—-— Compound c——>CH;CH.CH.COO 
+ HPO; (4) 


Another possibility is the condensation of 2 molecules of acetyl phosphate at 
the expense of only one high energy phosphate. The second phosphate 
group may be retained to facilitate the subsequent reduction to butyrate 
and may be used finally to regenerate a mole of acetyl phosphate from ordi- 
nary acetate. This mechanism could be described by the following equa- 
tions. 


2CH;COOPO; + 2H. > CH;CH.:CH.COOPO,; + HPO, + H.0 (5) 
CH,CH.CH:COOPO; + CH;COO- —- CH,COOPO; + CH;CH.CH.COO- (6) 


The net result of these two successive reactions is identical with equa- 
tion (3). 


Although butyryl phosphate was used in equations (5) and (6) to repre- 


sent the hypothetical phosphorylated intermediate, some other substance 
might serve equally well. The important distinction between the two 
mechanisms outlined above lies in the fact that in the latter instance 2 
molecules of acetyl phosphate condense to form the oxidant, while in the 
former 1 mole of acetyl phosphate and 1 mole of acetate condense. 
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It would seem to be a simple matter to differentiate between these two 
mechanisms. If butyrate is formed only by a condensation of acetyl phos- 
phate and acetate, then no butyrate should be formed when acetyl phos- 
phate is incubated with the enzyme in the absence of acetate. However, 
it was virtually impossible to study the reduction of acetyl phosphate in the 
complete absence of acetate, because the enzyme preparations contained 
small quantities of acetate and because acetyl phosphate is slowly hydro- 
lyzed to acetate, spontaneously and by enzyme action. 

If acetyl phosphate and acetate are involved in the primary condensation, 
the rate of reduction should be influenced by the concentration of acetate. 


TaBLeE II 


Effect of Acetate Concentration on Conversion of Acetate and Acetyl Phosphate 
to Butyrate 

Each Warburg vessel contained 0.04 m veronal buffer (pH 8.1), 23 mg. of cell- 
free extract (Lot D), and the indicated amount of acetyl phosphate and acetate in 
a total volume of 2.0 ml. The gas phase was Hz. The acetyl phosphate and ace- 
tate were tipped into the enzyme after 80 minutes equilibration at 26°, at which 
time the enzyme preparation was saturated with hydrogen. The total incubation 
time was 4 hours. 


























Acetyl P, initial* Acetate, initialt Rate ay amas | —H: total —H: 
pM 5 pM | ¢.mm. per 10 min. | uM per cent theory 
0 46 2 | 0.6 
9.6 6 34 16.1 84.0 
9.6 26 41 14.9 77.8 
9.6 155 53 | 18.5 | 96.5 
96 | 305 47 | 18.1 | 94.2 
9.6 | 455 40 | 18.1 94.2 





* Determined in a control sample immediately after mixing with the enzyme prep- 
aration. 

t Includes the acetate present in the enzyme preparation (4 uM) and in the acetyl 
phosphate preparation (2 um) after the 80 minute equilibration period. 


Therefore, the effect of acetate on the rate of acetyl phosphate reduction 
was determined. The results (Table II) show clearly that acetyl phos- 
phate must be present to obtain hydrogen uptake; practically no hydrogen 
was consumed when acetate was the sole substrate. In the presence of 
acetyl phosphate the rate of hydrogen uptake was influenced only slightly 
by acetate concentration. Thus, the initial rate of H, uptake and the total 
amount of hydrogen consumed were significantly smaller at the lowest 
acetate level. The effect was small, however, and on the basis of these data 
it is not possible to differentiate between the two proposed mechanisms. 

In this connection the data obtained in isotope studies with growing 
cultures of C. kluyveri are noteworthy. Barker et al. (1) found that, when 
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ethanol and carboxyl-labeled acetate were fermented, the butyrate formed 
was labeled in the carboxyl and 8 positions only. Furthermore, the car. 


boxyl group contained 55 per cent of the activity, whereas the other 45 
per cent was located in the 8 position. Since the activity was not equally 
distributed between the carboxyl and 8 positions, the butyrate could not 


have been produced by a condensation of 2 similar molecules (viz. 2 mole- 
cules of acetyl phosphate). The observation that more activity was in 
the carboxyl group is consistent with the theory described by equation 
(4) if one assumes that complete equilibration between acetyl! phosphate 
and acetate did not take place. 

Consideration of Acetaldehyde As Intermediate in Synthesis of Butyrate— 
It has been suggested that acetaldehyde may condense to acetaldol, 
which is then converted to butyrate (4). Such a theory is in complete 
agreement with the over-all quantitative aspects of butyric acid fermenta- 
tion, and, while some serious objections have been raised against it (3), 
the possibility that it is correct has not been definitely excluded. The 
reduction of acetyl phosphate and acetate to butyrate in the foregoing 
experiments indicates that acetaldehyde is not involved in butyrate syn- 
thesis. However, since acetaldehyde can be oxidized to acetyl phosphate 
(6), it is conceivable that the synthesis of butyrate from acetyl phosphate 
involves a preliminary reduction of acetyl phosphate to acetaldehyde 
(equation (7)) which is then converted to butyrate. 


CH;COOPO; + H: > CH,CHO + HPO, (7) 
Against this view are the data of Table I, showing that acetaldehyde is 


not converted to butyrate under anaerobic conditions. These data are | 


from an experiment in which acetaldehyde was incubated in the absence 
of inorganic phosphate, and they do not exclude the possibility that a 
condensation product of acetaldehyde could be converted to butyrate if 


inorganic phosphate was available. Studies on the conversion of acetalde- 
hyde to butyrate in the presence of inorganic phosphate are complicated | 
by the dismutation of acetaldehyde, with the formation of acetyl phos- 


phate (6). 

More convincing evidence against the acetaldehyde hypothesis was 
obtained by a differential inactivation of the enzymes involved in butyrate 
and acetaldehyde oxidation (Table III). When the enzyme preparation 
was shaken in air for several minutes in the absence of an oxidizable sub- 
strate, the ability to oxidize acetaldehyde was destroyed, whereas the 
ability to oxidize butyrate was reduced only slightly. Since there is much 
evidence that the synthesis of butyrate from acetyl phosphate and acetate 
occurs by a mechanism that is the exact reverse of the oxidation of butyr- 
ate, the fact that butyrate can be oxidized rapidly to acetate and acetyl 
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phosphate under conditions in which acetaldehyde cannot be oxidized is 
proof that acetaldehyde is not an obligatory intermediate in butyrate 
synthesis. 

Synthesis of Caproate from Acetyl Phosphate—As noted earlier (5), the 
enzyme preparations were able to produce significant quantities of caproic 
acid from ethanol and acetate. Tests were made to determine whether 
caproic acid could be found in the volatile acid fraction of samples obtained 
from the hydrogen reduction of acetyl phosphate and acetate. To obtain 
sufficient material for analysis, the samples from several manometric ex- 
periments of the type described in Table II were consolidated. Two lots 
of samples were used. Lot A contained samples obtained by incubating 


TaBLeE III 


Differential Inactivation of Acetaldehyde and Butyrate Oxidation by Aeration 
of Enzyme Preparation in Absence of Substrate 














Acetaldehyde | Butyrate 
bein a. a *7 oe 
ore a { 
substrate | - % Acetyl P AcetyiE aie | Acetyl P Acetyl 
min. | pM | pM | uM pM 
0 | 134 | 26.4 1.97 21.6 18.3 0.85 
20 ge 5.0 2.18 19.7 17.8 0.90 
40 | 0.7 2.3 3.3 14.3 11.9 0.83 














Each Warburg vessel contained 0.05 m phosphate (pH 7.6), 0.1 m tris(hydroxy- 
methyl)aminomethane buffer (pH 7.6), 50 mg. of dried cells, (Lot I), and 70 um of 
acetaldehyde or 40 um of butyrate as indicated. The total volume was 2.0 ml.; 
temperature, 26°. The total incubation time after addition of substrate was 40 
minutes. All data have been corrected for oxygen uptake (1.2 um) and acetyl phos- 
phate (1.1 um) in a control sample without added substrate. 


acetyl phosphate with the enzyme preparation; Lot B was from samples 
to which both acetyl phosphate and acetate had been added. The steam- 
volatile acids of both lots were fractionated by silica gel partition chroma- 
tography, and the various acids were identified by their Rr values and 
Duclaux distillation. Lot A, to which no acetate had been added initially, 
contained almost equal amounts of caproic, butyric, and acetic acids. 
Lot B on the other hand contained only butyric and acetic acids; no 
caproic acid could be detected. Thus, in the presence of an excess of 
acetate, the reduction goes almost quantitatively to butyrate. However, 
when acetate is limiting, caproate is formed also. 

Effects of Arsenate and Fluoride—Since arsenate inhibits the oxidation 
of butyrate (6), tests were made to determine whether it also inhibits 
butyrate synthesis. It was found that arsenate (0.025 m) caused an almost 
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complete inhibition of hydrogen uptake when acetyl phosphate and acetate 
were the substrates. Examination of the enzyme mixture after the ex. 
periment revealed that al! of the acetyl phosphate had been hydrolyzed, 
This indicated that the inhibition of arsenate was due, at least in part, to 
a catalytic action on the decomposition of acetyl phosphate. The effect 
of arsenate on the dephosphorylation of acetyl phosphate will be discussed 
further in another paper. 

Fluoride (0.02 m) was found not to affect the rate of butyrate synthesis, 


SUMMARY 


Enzyme preparations of Clostridium kluyveri contain an active hydro- 
genase system. In a hydrogen atmosphere, the preparations catalyze 
the reduction of acetaldehyde, presumably to ethanol, and the reduction 
of acetyl phosphate and acetate to butyrate and caproate. 
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THE REDUCTIVE CLEAVAGE OF 4-DIMETHYLAMINOAZO- 
BENZENE BY RAT LIVER: THE INTRACELLULAR DISTRI- 
BUTION OF THE ENZYME SYSTEM AND ITS REQUIREMENT 
FOR TRIPHOSPHOPYRIDINE NUCLEOTIDE* 


By GERALD C. MUELLER anv J. A. MILLER 


(From the McArdle Memorial Laboratory, Medical School, 
University of Wisconsin, Madison) 


(Received for publication, June 15, 1949) 


The hepatic carcinogen, 4-dimethylaminoazobenzene, and its metabo- 
lites are subject to at least three metabolic reactions in the intact rat: 
stepwise demethylation of the dimethylamino group; hydroxylation, prin- 

}  cipally at the 4’ position; and reductive cleavage of the azo linkage to 
yield monophenylamines (1-3). Although the exact sequence of these 
reactions and the extent to which each occurs in vivo are unknown, it is 
now possible to study each of these reactions in vitro with rat liver homo- 
genates. Thus, in an earlier communication (4) it was reported that 

. freshly prepared rat liver homogenates, fortified with hexose diphosphate, 
diphosphopyridine nucleotide, and nicotinamide, metabolized 4-dimethyl- 
aminoazobenzene with formation of small quantities of the demethylated 
intermediates, 4-monomethylaminoazobenzene and 4-aminoazobenzene, 
and a new metabolite, 4’-hydroxy-4-dimethylaminoazobenzene. The 
major reaction, however, appeared to involve a destruction of the azo 
| linkage, since more dye disappeared in these reaction mixtures than 
could be accounted for by the azo metabolites found. 

The present communication deals with the mechanism of the disap- 

pearance of the azo dye in vitro when incubated with rat liver homo- 
genates. This reaction has been found to consist of the reductive cleavage 
of the azo linkage in the dye. Furthermore, it has been possible to demon- 
strate a specific requirement for reduced triphosphopyridine nucleotide 
as the electron donor for the cleavage reaction and to show the localiza- 
tion of certain components of the enzyme system within the hepatic 
cell. 

Methods 


For these experiments triphosphopyridine nucleotide concentrates were 
| prepared by a new procedure developed in this laboratory (5). These 


*This work was supported by grants from the National Cancer Institute, the 
United States Public Health Service, and the Jane Coffin Childs Fund for Medical 
Research. 
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preparations ranged in purity from 10 to 104 per cent, based on Warburg's 
constant (5.6 X 10° sq. cm. per mole) (6), or from 9 to 95 per cent when 
calculated by the constant given by Horecker and Kornberg (6.22 x 10} 
sq. cm. per mole) (7). The triphosphopyridine nucleotide concentrates 
above 10 per cent purity were considered free of diphosphopyridine ny. 
cleotide, since the hydrosulfite assay (8) and the coenzyme-specific Zui. 
schenferment assay (5) agreed exactly. 

Glucose-6-phosphate dehydrogenase (Warburg’s Zwischenferment) was 
prepared essentially according to Warburg and Christian (9) with bottom 
yeast obtained locally.!. Glucose-6-phosphate was prepared by the phos. 
phorolysis of starch according to the method of Fantl and Anderson (10), 
but modified to include a 5 hour hydrolysis of the crude sugar phosphates 
in 1 N HCl at 100° and followed by the isolation of the ester as the barium 
salt. 

In experiments in which reduced triphosphopyridine nucleotide was 
used, the dihydro form was generated in situ by the addition of an extract 
of 1.2 mg. of the glucose-6-phosphate dehydrogenase preparation in 0.1 
per cent NaHCO; to the reaction mixture containing the inorganic salts, 
nicotinamide, glucose-6-phosphate, and the triphosphopyridine nucleotide 
to be reduced. After incubating the flasks for 30 minutes at 37°, the glu- 
cose-6-phosphate dehydrogenase was inactivated by placing the flasks in 
a boiling water bath for 5 minutes. The flasks were then cooled to 0° 
and the rat liver preparations added. Control flasks were treated in the 








same manner, except for the omission of the coenzymes during the incuba- | 


tion period; preparations of oxidized triphosphopyridine nucleotide, oxi- 
dized diphosphopyridine nucleotide, and reduced diphosphopyridine nucleo- 
tide were then added after the heat inactivation of the glucose-6-phosphate 
dehydrogenase. Reduced diphosphopyridine nucleotide (71 per cent) was 
prepared according to the method of Ohlmeyer (11). 

The liver samples were obtained from young adult Sprague-Dawley 
rats maintained on a grain diet and fasted for 18 to 24 hours prior to 
each experiment. The rats were killed by decapitation and liver samples 
transferred immediately into ice-cold isotonic KCl. Homogenates (10 
to 12 per cent) were prepared in either 8.5 per cent sucrose containing 0.01 





M K,HPO«-KH2PQ, at pH 7.4 or isotonic KCl containing 8.0 ml. of 0.02 | 


mM K,CO; per liter, or in distilled wateras indicated. All homogenates were 
prepared at 0°. 

In the typical experiment a reaction mixture was prepared which con- 
tained the following ingredients adjusted to pH 7.4 in a final volume of 


3.0 ml.: 0.2 to 0.4 ml. of homogenate, 0.4 ml. of 0.03 m hexose diphosphate’ } 


'‘ Fauerbach Brewery, Madison, Wisconsin. 
? Schwarz Laboratories, Inc., New York. 
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or 0.4 ml. of 0.045 m glucose-6-phosphate, 0.1 ml. of diphosphopyridine 
nucleotide? (DPN) solution (200 7), 0.1 ml. of triphosphopyridine nucleo- 
tide (TPN) solution (200 y), 0.2 ml. of 0.6 m nicotinamide, 0.1 ml. of 0.1 
m MgCl, 0.4 ml. of 0.5 m KCl, and 0.5 ml. of 0.1 m KzHPO,-KH2PQ, buffer at 
pH 7.4. The 4-dimethylaminoazobenzene (50 to 60 y) was customarily 
added last in 0.1 ml. of 95 per cent ethanol from a micro blow pipette. 
The reactions were carried out in open 25 ml. Erlenmeyer flasks with 
mechanical shaking in a water bath at 37°. In the preliminary experi- 
ments TPN was omitted from the reaction mixtures. 

After a 30 minute incubation period the reaction was stopped by the 
addition of 3.0 ml. of 20 per cent trichloroacetic acid in 1:1 acetone-ethanol 
and then diluted with equal parts of the trichloroacetic acid reagent and 
water to the appropriate optical density. The precipitated protein was 
sedimented by light centrifugation and the optical density of the super- 
natant fluid determined at 520 my in a Cenco-Sheard spectrophotelometer 
adapted to the use of matched 13 mm. X 100 mm. Pyrex culture tubes. 
The difference in the optical densities of the zero time control flasks and 
the incubated samples was used for the calculation of the total dye de- 
struction. 

The particulate fractions of the livers were prepared by differential 
centrifugation of 12 per cent homogenates in 8.5 per cent sucrose solution. 
The nuclear fraction was sedimented at 600 X g for 10 minutes in the 
International multispeed attachment with the No. 295 rotor as described 
previously (12). The large granules or mitochondria were then sedi- 
mented at 18,000 X g for 10 minutes with the same attachment but 
with an improved magnalium rotor‘ (13). Each of these fractions was 
washed with 8.5 per cent sucrose solution and recentrifuged twice; in 
each case the washings were combined with the supernatant solutions. 
The small granules or microsomes were obtained by centrifuging the 
suspension at 120,000 X g for 35 minutes in an air-driven vacuum ultra- 
centrifuge. The tubes containing the pellets of the small granules were 
then carefully rinsed with sucrose solution and the washings added to the 
supernatant solution to form the supernatant fluid fraction. All of the par- 
ticulate fractions were resuspended in sucrose solution in the plastic centri- 
fuge tubes with Plexiglas pestles and then rehomogenized in all-glass 
homogenizers if necessary. The suspensions of the particulate fractions 
were generally prepared at concentrations 4 times that of the original 
homogenate. Each centrifugation was carried out at 0 to 5° and the 
relative centrifugal forces were calculated to the centers of the tubes. 


* The diphosphopyridine nucleotide (79 and 84 per cent) was generously supplied 
by Dr. G. A. LePage. 
* Manufactured by Joseph Grebmeier and Sons, Box 235, Menlo Park, California. 
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Results 





Inactivation of Homogenates—10 per cent rat liver homogenates were 
prepared in distilled water and in isotonic KCl and allowed to stand at 
0°. After various intervals tissue samples were pipetted into reaction 
mixtures fortified with hexose diphosphate, diphosphopyridine nucleotide, 
and nicotinamide, and assayed for their ability to destroy the dye. The 
results of a typical experiment are depicted in Fig. 1. With the water 
homogenate an initial latent period was observed during which activity 
remained constant; this gave way to a period in which the activity steadily 
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Fig. 1. The inactivation of rat liver homogenates in water and isotonic KC] by 
storage at 0° for varying periods of time prior to assay for dye destruction activity. | 


Except for the omission of triphosphopyridine nucleotide, the system used was as 
described under ‘‘Methods”’ with 53 y of dye, 0.3 ml. of 10 per cent rat liver homoge 


nate, and 0.4 ml. of 0.03 m hexose diphosphate in a final volume of 3.0 ml. The | 


results are expressed as micrograms of dye destroyed in 30 minutes. 


declined. With KCl homogenates the initial period of constant activity 


was not observed; however, the rate of decline was approximately equiva: | 


lent to that of the water homogenate. When the water homogenate was 
incubated at 37°, the fall in activity was extremely rapid; within 5 minutes 
the activity was entirely dissipated (Fig. 2). 

Reactivation of Homogenates by Triphosphopyridine Nucleotide—Water 
homogenates which had been inactivated by incubation for 5 minutes at 
37° could be reactivated in a number of ways. It was first observed thata 
1:1 combination of the inactive homogenate with fresh water homogenate 
resulted in 15 to 30 per cent reactivation. Thus it appeared that the 
fresh water homogenate contained an excess of a labile constituent which 
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was necessary for the destruction of the dye. ‘This labile factor was 
subsequently demonstrated to be present in heat-inactivated liver homo- 
genates. Certain crude pyridine nucleotide concentrates were also found 
to contain the factor and it was further noted that the activities of the 
concentrates were proportional to their content of triphosphopyridine 
nucleotide. The identity of the factor with triphosphopyridine nucleotide 
was proved by obtaining complete reactivation with triphosphopyridine 
nucleotide preparations of 95 to 104 per cent purity (see “Methods’’). 
With hexose diphosphate as the oxidizable substrate complete reactivation 
was obtained with 50 y of pure triphosphopyridine nucleotide per flask 
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Fig. 2. The inactivation of a rat liver homogenate in water by incubation at 37° 
for varying periods of time prior to assay for dye destruction activity. The same 


system as in Fig. 1 was used. The results are expressed as micrograms of dye de- 
stroyed in 30 minutes. 


(Fig. 3). However, when glucose-6-phosphate was used, 200 to 300 y 
of the nucleotide were required (Fig. 3). The increased requirement 
for triphosphopyridine nucleotide and the smaller amount of dye destruc- 
tion frequently observed when glucose-6-phosphate was used as the oxi- 
dizable substrate instead of hexose diphosphate were not further studied. 
Glucose-6-phosphate dehydrogenase did not appear to be a limiting factor, 
since added dehydrogenase (isolated from yeast) failed to stimulate the 
dye destruction by the whole homogenate. In addition the inactivated 
whole homogenate required diphosphopyridine nucleotide for reactiva- 
tion; however, this coenzyme was not required by the isolated small 


granules and its réle in the reactions with the whole homogenate has not 
been elucidated. 
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Resolution of Enzyme System by Cell Fractionation—From general con. 
siderations such as the known fate of the dye in vivo and the requirement 
for triphosphopyridine nucleotide in vitro, it appeared probable that the 
destruction of the dye consisted of a reductive cleavage reaction which 
required at least two enzyme systems: one which catalyzed the oxidation 
of a substrate and maintained a reservoir of reduced coenzyme and a 
second which actually mediated the reductive cleavage of the azo linkage 
with electrons from the reduced coenzyme. The elucidation of the site 
of these reactions when glucose-6-phosphate was used as the substrate 
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Fic. 3. The reactivation of an incubated rat liver homogenate by triph ospho 
pyridine nucleotide. The system described under ‘‘Methods’”’ was used, with vary- 
ing additions of triphosphopyridine nucleotide (85 per cent assay, DPN-free) toa 
3.0 ml. reaction mixture which contained 53 y of dye, 0.3 ml. of a 10 per cent rat liver 
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homogenate in water (inactivated by incubation for 5 minutes at 37°), and 0.4 nl. | 


of either 0.03 m hexose diphosphate or 0.045 m glucose-6-phosphate as indicated. 
The results are expressed as micrograms of dye destroyed in 20 minutes. 


was greatly facilitated by the use of differential centrifugation for the 
separation of liver homogenates in isotonic sucrose solution into four frae- 
tions: a nuclear fraction, the large granules or mitochondria, the small 
granules or microsomes, and the supernatant fluid. When the liver frac- 
tions were assayed separately for their abilities to destroy dye, they were 
all essentially inactive; however, the combination of the supernatant fluid 
with any particulate fraction resulted in the destruction of dye (Fig. 4). 
The largest activation was observed with the small granules which account 
for only 12 per cent of the protein in the rat liver (12). The inactivity 
of the combination of the nuclei, large granules, and small granules in- 
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dicated that a glucose-6-phosphate dehydrogenase was present in the 
supernatant fluid. It has been possible to demonstrate this directly’ by an 
adaptation of the Zwischenferment assay and it was further substantiated 
by the effective substitution of yeast glucose-6-phosphate dehydrogenase 
for the supernatant fluid from liver. Hence it appeared that, when 
glucose-6-phosphate was used as the oxidizable substrate, the function 
of the supernatant fluid was to maintain a reservoir of reduced coenzyme 
and the enzyme responsible for the destruction of the dye resided in the 
particulate fractions. 
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Fia. 4. The destruction of 4-dimethylaminoazobenzene by intracellular fractions 
isolated from rat liver by differential centrifugation. The systems described under 
“Methods” were used, with 53 y of dye and 0.4 ml. of 0.045 m glucose-6-phosphate 
per 3.0 ml. of reaction mixture. Intracellular fractions were added to the reaction 
mixture in amounts equivalent to that derived from 50 mg. of whole rat liver. The 
results are expressed as micrograms of dye destroyed in 30 minutes. 
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When hexose diphosphate was used instead of glucose-6-phosphate as 
the oxidizable substrate with the cell fractions, no sharp separation of the 
enzyme activity into two mutually dependent systems was evident. 

Coenzyme Specificity of Enzyme System—The finding that the greatest 
concentration of the dye destruction activity resided in the small granules 
which could be easily freed of glucose-6-phosphate dehydrogenase activity 
by high speed centrifugation provided a convenient tool for the demon- 
stration of the absolute coenzyme specificity of the enzyme system catalyz- 
ing the destruction of the dye. In this experiment, isolated small granules 


*G. C. Mueller and J. A. Miller, unpublished data. 
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were incubated with 4-dimethylaminoazobenzene in reaction mixtures 
containing 1.0 mg. samples of the oxidized and reduced forms of the two 
pyridine coenzymes, as indicated in Fig. 5. The oxidized forms of diphos. 
phopyridine and triphosphopyridine nucleotide were inactive in the system 
and served to show the absence of any significant quantity of endogenous 
electron donors. However, when the reduced coenzymes were added 
as the sole source of electrons, only the addition of dihydrotriphosphopy- 
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Fic. 5. The requirement for reduced triphosphopyridine nucleotide by the azo 
dye-cleaving enzyme system in the small granules of rat liver. 1 mg. samples of 
diphosphopyridine and triphosphopyridine nucleotide were added to reaction flasks 
containing the small granules from 100 mg. of whole rat liver, 0.4 ml. of 0.045 
glucose-6-phosphate, 0.5 ml. of 0.1 m KHePO,-K2HPO, buffer at pH 7.4, 0.4 ml. of 
0.5 mM KCl, 0.1 ml. of 0.1 m MgCle, 0.2 mi. of 0.6 M nicotinamide, 0.2 ml. of heat-inacti- 
vated glucose-6-phosphate dehydrogenase from yeast, and 53 y of 4-dimethylamino- 
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azobenzene. Reduced triphosphopyridine nucleotide was formed in the reaction | 


flasks as described under ‘‘Methods.’’ The results are expressed as micrograms of 
dye destroyed in a 30 minute incubation period. The oxidized triphosphopyridine 
nucleotide, oxidized diphosphopyridine nucleotide, and reduced diphosphopyridine 
nucleotide were preparations of 71 to 79 per cent purity. 


ridine nucleotide was effective in promoting the destruction of dye. The 
small amount of activity observed with dihydrodiphosphopyridine nu 
cleotide when combined with oxidized triphosphopyridine nucleotide sug- 
gested that an electron transfer mechanism between the two coenzymes 
may have been present. 

Isolation of Cleavage Products of Azo Dye—A search was made for any 
monophenylamines formed upon the destruction of the azo dye in these 
reaction mixtures, since a method had become available for the separation 
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and determination of the six monophenylamines that might be formed from 
this dye (14). In essence the Boéniger reaction is used in which primary 
amines and sodium £-naphthoquinone sulfonate react at pH 7.0 to form 
colored Schiff bases which may be differentiated on the basis of their absorp- 
tion spectra and solubilities in various solvents. In one of the experiments 
53 y of 4-dimethylaminoazobenzene were incubated in a reaction mixture 
containing the small granules from 300 mg. of rat liver, the supernatant 
fluid from 83 mg. of rat liver, 395 y of triphosphopyridine nucleotide, 
500 y of diphosphopyridine nucleotide, 0.4 ml. of 0.045 m glucose-6-phos- 
phate, 0.2 ml. of 0.6 m nicotinamide, 0.5 ml. of 0.1 m K phosphate buffer 
at pH 7.4, 0.4 ml. of 0.5 m KCl, 0.1 ml. of 0.1 m MgCh, and water to a 
final volume of 4.0 ml. The reaction was conducted in an atmosphere 
of nitrogen at 37° for 30 minutes. After this time no residual dye was 
demonstrable in the reaction mixture. 

For the recovery of steam-volatile amines such as aniline, 0.1 ml. of 50 
per cent KOH was added to the reaction flask and the contents of the flask 
were transferred to a micro steam distillation apparatus. A few mg. of 
octadecyl alcohol were added to control the foaming and the mixture was 
then distilled for 20 minutes. The distillate was collected in 3.0 ml. of 
0.1 per cent sodium 8-naphthoquinone sulfonate in 1.0 m phosphate buffer 
at pH 7.0, and this solution was then extracted with 4.0 ml. of benzene. 
A yellow benzene solution was obtained which gave the characteristic 
absorption curve of the Schiff base of aniline with a maximum at 450 my. 
From the optical density it was calculated that 22 y of aniline were re- 
covered; this represented 100 per cent of the theoretical amount of 
aniline that could be formed from the amount of dye added. 

The formation of N,N-dimethyl-p-phenylenediamine in an identica! 
reaction mixture was also demonstrated by the isolation of the Schiff 
base of this amine. At the termination of the incubation period 0.1 ml. of 
50 per cent HeSO, was added to the reaction flask and the precipitated 
proteins sedimented by centrifugation. The supernatant fluid and a 3.0 
ml. wash of the precipitate were transferred to a 50 ml. Erlenmeyer flask 
containing 1 drop of tributyl phosphate® as an antifoam agent. After 
neutralization with solid NaHCO; to pH 7.0, 3.0 ml. of the 8-naphthoqui- 
none reagent were added and the solution extracted with 4.0 ml. of benzene. 
A blue purple benzene solution was obtained; the absorption curve of this 
solution had a maximum at 580 my and otherwise agreed with that ob- 
served for the Schiff base of N ,N-dimethyl-p-phenylenediamine. The 
addition of acetic anhydride to the benzene solution produced only a slight 
decrease in optical density and indicated that less than 10 per cent of the 
color could be accounted for as the Schiff base of N-monomethyl-p- 


* Commercial Solvents Corporation, New York. 
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phenylenediamine. Thus from the optical density it was calculated that 
16.6 y of N,N-dimethyl-p-phenylenediamine were recovered from the 
reaction mixture, or approximately 50 per cent of the theoretical yield, 
The relatively low recovery of this amine was not unexpected, since it 
is readily oxidized. 

When the monophenylamines were recovered from whole homogenates 
shaken with the dye in an atmosphere of air, approximately 70 per cent 
of the theoretical yield of aniline and 30 per cent of the theoretical yield 
of the methylated phenylenediamines were recovered in this manner, 
These findings demonstrated that reductive cleavage of the azo linkage 
accounted for the majority of the destruction of dye under these experi- 
mental conditions. 

No p-phenylenediamine or p-aminophenol was detected after the dye 


had been destroyed by the homogenates or small granules. These amines | 


could result from the reductive cleavage of certain of the azo metabolites 
of the added dye (4). 
DISCUSSION 


Under the conditions of these experiments the reaction which was mainly 
responsible for the destruction of 4-dimethylaminoazobenzene by the rat 





liver preparations was shown to consist of the reductive cleavage ofthe ‘ 


azo linkage in this dye to yield the corresponding monophenylamines. 
Furthermore, this reaction was shown to be catalyzed by an enzyme system 
which specifically required reduced triphosphopyridine nucleotide for medi- 
ation of the reductive cleavage. When glucose-6-phosphate was utilized 
as the oxidizable substrate, the cleavage reaction could be separated 


by differential centrifugation into two parts (Fig 6.), an electron-donating | 
system and the azo dye-cleaving system. The specific dehydrogenase } 
was found to be confined to the supernatant fluid where it catalyzed the | 


oxidation of the substrate and maintained a reservoir of reduced triphospho- | 


pyridine nucleotide. The particulate fractions contained the enzyme or 
enzymes which catalyzed the reductive cleavage of the azo linkage in 
the dye with electrons from the reduced nucleotide. These enzymes 


were relatively highly concentrated in the small granules and these par- } 


ticles could catalyze the reduction of the dye in the presence of reduced 
triphosphopyridine nucleotide as the sole electron donor. The whole 
homogenate also required the presence of diphosphopyridine nucleotide 
for reactivation, but the réle of this coenzyme in the cleavage reaction is 
unknown; the experiments with isolated small granules failed to show 
a requirement of this factor. 

The réle that reductive cleavage of 4-dimethylaminoazobenzene plays 
in the carcinogenic process induced in the liver by this dye is not known; 
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it may be simply a means of detoxication. However, it is of interest in 
this connection that preliminary studies’ have shown that the rat liver, 
the sole site of carcinogenic action by the dye, was the most active tissue 
in causing the destruction of dye in vitro; kidney was about 30 per cent 
as active and spleen, lung, heart, intestine, and brain were essentially 
inactive. Although in several studies (15-17) the free amines produced 
by the reductive cleavage of 4-dimethylaminoazobenzene did not exhibit 
carcinogenic activity in the rat when included in the diet at high levels, 
White, Eschenbrenner, and White (18) reported in an abstract that 10 
per cent of rats fed aniline for 14 to 31 months developed hepatomas. 


GLUCOSE-6-PO04——> PHOSPHOGLUCONATE 


SUPERNATANT 
FLUID 


TPN-Ho == TPN 


PARTICULATE 
FRACTIONS 
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Fia.6. The reductive cleavage of 4-dimethylaminoazobenzene by the supernatant 
fluid and particulate fractions of rat liver. 





Since cirrhosis and low incidences of hepatomas can be induced by dietary 
means (19-21), interpretation of this result will have to wait until the 
data have been published in full. However, while there is no evidence 
that aniline or N,N-dimethyl-p-phenylenediamine is the causal agent 
in carcinogenesis by 4-dimethylaminoazobenzene, the data presented in 
this paper, indicating that these amines could and may well be generated 
from the dye in the intact liver, provide an interesting approach to the 
study of azo dye carcinogenesis. 


SUMMARY 


Rat liver homogenates fortified with glucose-6-phosphate, diphosphopyri- 
dine nucleotide, triphosphopyridine nucleotide, and nicotinamide catalyzed 
the reductive cleavage of the hepatic carcinogen 4-dimethylaminoazo- 
benzene to yield the corresponding monophenylamines, N,N-dimethyl- 
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p-phenylenediamine and aniline. The cleavage reaction was shown to be 


composed of at least two enzyme systems: one enzyme system which 


constituted a source of reduced triphosphopyridine nucleotide through the 
oxidation of glucose-6-phosphate and a second enzyme system which 
specifically required reduced triphosphopyridine nucleotide for the reduc. 
tive cleavage of the azo dye. By differential centrifugation the former sys. 
tem was shown to be present entirely in the supernatant fluid remaining 
after removal of the particulate fractions from the homogenates; the 
latter system resided entirely in the particulate fractions, with the highest 
concentration being found in the small granules. The small granules 
catalyzed the reduction of the dye in the presence of reduced triphospho- 
pyridine nucleotide as the sole electron donor; the whole homogenate 
required in addition diphosphopyridine nucleotide. 
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In previous publications (18, 19) the preparation of the triphosphoric 
ester of thiamine, C12HisO.N.SP3-3H2O, has been reported. In this sub- 
stance 2 of the 3 phosphorus atoms hydrolyze in acid media; the 3rd is 
cleaved only by alkaline saponification. The analytical data agree well 
with the following formula, 


CH; 


\/ CH: ame 
iT OH OH OH 
. An NH; aon | | | 


By analogy with the designation ATP for adenosine triphosphoric acid, 
TTP is proposed for the new triphosphoric acid derivative of thiamine. 
The most significant physiological properties of TTP are concerned with 
the heart (16, 17, 21), TTP being much more active than thiamine or 
cocarboxylase. 

Investigations in the enzymatic field have now been made in order 
to compare TTP with cocarboxylase and to determine the activity of 
potato apyrase and adenosine triphosphatase (ATPase) towards TTP. 


EXPERIMENTAL 


Washing of Yeast—Most authors (15, 26, 27) have followed with some 
modifications the washing procedure described by Lohmann and Schuster 
(7, 8); the latter as well as Liebknecht (5) consider that bakers’ yeast 
contains from 10 to 20 times less carboxylase than brewers’ yeast. The 
procedure of Westenbrink et al. (27) has been used with bakers’ yeast and 
has led to satisfactory results. Bakers’ yeast, dried by exposure to air 
for several days, was crushed in a mortar, sifted, and kept in a tightly 
stoppered flask; it could be used for a great number of experiments. 

A suspension of 1 gm. of dry yeast in 20 cc. of water was centrifuged for 
3 minutes and the supernatant discarded even if turbid. Further centrif- 
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ugations were carried out in the same way. To the residue were succes- 
sively added 20 cc. of a half saturated ammonium sulfate solution and 
20 cc. of phosphate buffer, pH 10. After 5 minutes of vigorous shaking, 
the mixture was centrifuged; 20 cc. of water and 20 cc. of phosphate 
buffer, pH 10, were added to the residue. After 4 minutes shaking the 
mixture was centrifuged, 40 cc. of water were added to the residue, and 
the shaking repeated. As soon as the suspension became homogeneous, 
it was centrifuged for 2 minutes and the residue washed twice again with 
water as rapidly as possible.' 

Reconstitution of Cocarboxylase—Various authors (1, 7, 8) have estab- 
lished that any bivalent ion could be used instead of Mg** for the re- 
constitution of the enzyme system; Mn, which is the most active and 
according to Kossel (3) would protect carboxylase against inhibitors, was 
used in our experiments, as has been proposed by Westenbrink and Parve 
(15, 26, 27). It is known that thiamine is also required in the reactive 
medium and it seems to be proved (5, 6, 12, 18, 24-26) that thiamine 
inhibits a yeast phosphatase capable of hydrolyzing cocarboxylase only 
when not linked to the specific protein. Our results are in agreement with 
this point of view; moreover chlorothiamine was found to exert a similar 
activity. 

The washed product obtained above was suspended in 0.02 mM manganese 
chloride solution, in such quantity that 1 cc. contained 0.20 gm. of the 
initial dry yeast. All further manipulations were carried out in calibrated 
10 cc. glass-stoppered flasks. 

To these flasks were added 1 cc. of the homogenous yeast suspension 
and 0.2 cc. of a 10-* m solution of thiamine hydrochloride (20 y). The 
substance to be tested for cocarboxylase activity was separately dissolved 
in 1 cc. of phosphate buffer, pH 6.8. 

After 15 minutes shaking in a water bath at 28°, the reconstitution of 
the enzyme system was achieved. The suspension was centrifuged during 
6 minutes and the clear supernatant discarded; to the residue were added 
15 cc. of acetate buffer, pH 5.7, and 5 cc. of a 2 per cent sodium pyruvate 
solution. The stoppered flask was heated at 28° in a water bath and 
shaken throughout the entire fermentation. 

Determination of Cocarboxylase Activity—The activity of cocarboxylase 
is generally tested by measurement of the quantity of CO. evolved from 
pyruvate in the Warburg apparatus. Acetoin is produced during this 
reaction (11), but the amount is so small that it can be neglected (4, 7, 8); 
by the Voges-Proskauer reaction (14) it was less than 5 per cent both with 
TTP and cocarboxylase. 


1 Except when otherwise stated, every centrifugation lasted 3 minutes at 3400 
R.P.M. 
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In some cases fluorometric titration of acetaldehyde was used instead 
of measurement of the evolved CO. The method devised in this labora- 
tory (20, 22, 23) is based upon the condensation of acetaldehyde with 
3,5-diaminobenzoic acid. 

At the end of the fermentation the flasks were chilled in ice for 5 minutes. 
Their content was adjusted to 10 cc. by addition of ice-cold water. The 
flasks were stoppered at once and centrifuged. This procedure decreased 
the loss of acetaldehyde and gave reproducible results. 

Amounts of 0.5 to 2 cc. of the supernatant were pipetted out so that 
the sample contained about 40 to 100 y of acetaldehyde. The titration 


1100 
$00; 


700; 


w Chy CHO 
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100 - 








o 7 z | ry 
BT COCARBOXYLASE 


Fig. 1. Acetaldehyde produced as a function of the weight of cocarboxylase 
added to a constant weight of washed yeast (corresponding to 0.2 gm. of dry yeast). 
Time of fermentation 15 minutes; temperature 28°. 


was then carried out as described previously (23). The results were in 
fair agreement with those given by the Warburg manometer. 


Comparison between TTP and Cocarboxrylase 


The acetaldehyde produced as a function of the amount of cocarboxylase 
or TTP added to a constant weight of bakers’ yeast is shown in Fig. 1. 

The volumes of CO; calculated from the amount of acetaldehyde were 
higher than those published by Lohmann and Schuster for bottom brewers’ 
yeast, but we are in good agreement with the results of Westenbrink, 
Parve, van der Linden, and van den Broek (27). These authors, by adding 
0.1 y of cocarboxylase to 200 mg. of dry brewers’ yeast, obtained about 
100 c.mm. of CO: in 30 minutes. In Fig. 2, 0.1 y added to 200 mg. of 
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dry bakers’ yeast corresponds to about 100 y of acetaldehyde, i.e. 50 c.mm. 
of CO: in 15 minutes; the blanks were negative. Our technique of wash. 
ing bakers’ yeast thus seems satisfactory.? 

For TTP and cocarboxylase the curves have the same general aspect, 
but for TTP the plateau appeared only beyond the 15 y dose. About 4 
to 5 times more TTP than cocarboxylase were required for saturation, 
The enzymatic system built up with TTP had only 80 per cent of the 
activity of the system containing cocarboxylase. 

With brewers’ yeast the results obtained with the Warburg apparatus 
(Fig. 3) show that TTP has from 80 to 90 per cent of the activity of cocar. 
boxylase. 

Lohmann and Schuster (7, 8) have pointed out that in the case of cocar- 
boxylase the amount of CO, increases proportionally with time. This is 


true only at the beginning of the fermentation; afterward the acetaldehyde | 
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Fic. 2. Acetaldehyde produced as a function of the weight of cocarboxylase or 
of TTP added to a constant weight of washed yeast (corresponding to 0.2 gm. of | 


dry yeast). Time of fermentation 15 minutes; temperature 28°. O TTP; @ cocar- 
boxylase. 


inhibits the reaction (Fig. 4). This was also observed with TTP, but the 
reaction was less intense, perhaps because less acetaldehyde was formed. 

CO, Formed by Simultaneous Action of TTP and Cocarborylase on Brewers’ 
Yeast—Table I shows that in the range in which the yeast is not saturated 
by addition of 1 y of cocarboxylase the gradual addition of TTP (from 
0 to 15 y) enhances the activity of the resynthesized compound. Enzy- 
matic activity rises to a value greater than the sum of the separate activities 
of cocarboxylase and of TTP in equivalent amount. 

This enhancement of cocarboxylase activity was calculated by the 
formula 

ot a (CO; measured) — (CO; calculated) 


E — — 
CO, calculated 








2 In order to get reproducible results, it is essential to perform all titrations simul- 
taneously. Slight differences in working conditions entail important changes in the 
activity of the reconstituted ferment. In this respect comparison of Figs. 1 and? 
reveals marked differences from one assay to another. 
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100 
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§ mn 
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= 40: 
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o § 0 I§ 2 2 30 
7 TTR OR COCARBOXYLASE 

Fig. 3. COz produced as a function of the weights of cocarboxylase or of TTP. 
Weight of brewers’ yeast, 0.1 gm.; time of fermentation 10 and 15 minutes; temper- 
ature 28°. The cocarboxylase is represented by a single point, which has been chosen 
in the range of saturation and indicates the plateau. O TTP, time of fermentation 
10 minutes; @ TTP, time of fermentation 15 minutes; A cocarboxylase, time of 
fermentation 10 minutes; A cocarboxylase, time of fermentation 15 minutes. 
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MINUTES 
Fie. 4. Acetaldehyde produced as a function of the time for 0.2 gm. of initial dry 


yeast (bakers’ yeast saturated with cocarboxylase or with TTP). O TTP, 20 7; 
@ cocarboxylase, 4 y. 


The CO, measured equals the quantity of CO. formed in the Warburg 
manometer with the simultaneous action of 1 y of cocarboxylase and in- 
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creasing quantities of TTP. The CO, calculated equals the sum of the 
amounts of CO, evolved in the Warburg apparatus after separate experi- 
ments with TTP and cocarboxylase (Fig. 5). 


TABLE I 
Activity of TTP in Presence of Cocarboxylase 





CO: produced, c.mm. 

















In 10 min. |” ‘In 20 min 
TTP vee = enna aay Seer. a Ve ee | ae deal 
| | Cocarboxyl- , ‘Cocarboxyl- 
Cocarboxyl- Cocarboxyl- | aie + | Cocarboxyl- Cocarboxyl one, LS 
ase, 0 se ase, ly i Ban 0 } ; ase, 1 y sina 
7 | | | 
0 0 25 25 CO 0 50 50 
1 4 36 29 9 67 59 
4 13 52 38 27 100 77 
10 35 75 60 | - | 117 
15 52 ee a a 151 








Quantity of CO: measured in the Warburg manometer in c.mm. per 100 mg. of 
brewers’ yeast. The columns ‘‘Cocarboxylase, 1 y + TTP” indicate the quantities 
which would have been obtained if the activities of 1 y of cocarboxylase and of 
TTP were added arithmetically. 
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Fia. 5. Increase of activity (EZ) of 1 y of cocarboxylase by addition of TTP. 0O 
time of fermentation 10 minutes; @ time of fermentation 20 minutes. 





The increase is maximum for 4 y of TTP and 1 y of cocarboxylase. By 
extrapolation it seems that it should be nil for about 20 y of TTP; 1.¢., 
roughly the saturating amount of TTP towards the yeast. 

In the range in which the yeast is normally saturated with cocarboxylase 
(5 y), the total activity is near the sum of the separate activities of cocar- 
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boxylase and of TTP in corresponding quantities (Table II). The value 
found for 20 y of TTP and 5 y of cocarboxylase after 20 minutes of fermen- 
tation (212 cmm.) must be considered suspicious, the accuracy of the 
results decreasing above 150 c.mm. 


Action of Potato Apyrase and Muscle ATPase on TTP 


According to Kalckar (2) and Meyerhof (9) potato apyrase liberates 
two phosphoric groups from ATP, the first faster than the second. 

In a first step, the action of apyrase on TTP should yield a certain 
proportion of cocarboxylase, and then, in a second step, thiamine ortho- 
phosphoric acid. Thus, only the first step should yield hydrolysis products 


TaB.eE II 
Activity of TTP in Presence of Cocarborylase 





COs; produced, c.mm. 




















In 10 min. | In 20 min. 
Tir eee eran 07a — acai 
| | | Cocarboxyl- | — | Cocarboxyl- 
| ame | Cae | mage | Onno | ee” | syage 
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5 16 | = 62 Bs | 33 | 128 | 8 
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Quantity of CO: measured with the Warburg apparatus in c.mm. per 100 mg. of 
brewers’ yeast. The columns ‘‘Cocarboxylase, 5 y + TTP” indicate the quantities 
which would be obtained if the activities of 5 y of cocarboxylase and of TTP were 
added arithmetically. 


which will be active in the decarboxylation of pyruvic acid. However, 
muscle ATPase, if it has any action on TTP, should liberate only cocar- 
boxylase, which should be more active throughout than the initial sub- 
stance. 

Apyrase—Apyrase was prepared by extracting potato pulp with an 
equal weight of water. The extract was precipitated by 2 volumes of 
acetone at —10° and the precipitate redissolved in the minimum amount 
of water. The solution was filtered and solid ammonium sulfate added to 
60 per cent of saturation. After filtration the solution was saturated with 
ammonium sulfate and allowed to stand overnight at 20°. The precipi- 
tate was collected and redissolved in water (100 cc. per kilo of the initial 


weight of potato). The final enzymatic solution contained about 2 mg. 
of protein per ce. 
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ATPase was prepared from guinea pig muscle according to Mommaerts 
and Seraidarian (10). 

TTP Hydrolysis—To 20 mg. of TTP were added 1 mg. of enzymatic 
protein and 0.5 m acetate buffer (pH 6.5) to a final volume of 5 ec. In 
the case of ATPase, KCl (0.5 m) and CaCl. (0.01 mM) were added to the 
medium. In the blanks the enzyme was heated for 15 minutes at 100°. 

After 15 to 120 minutes at 37°, 0.6 ec. of the reaction mixture was diluted 
to 50 cc. From this solution 0.1 cc., corresponding to 4.8 y of the initial 
TTP, was pipetted for titration with the Warburg manometer. 

Table III shows that after 15 minutes apyrase liberates a compound 
more active in the decarboxylation of pyruvic acid than the starting sub- 
stance. After 120 minutes hydrolysis the product was less active than 
TTP. Therefore it is obvious that, in a first step, apyrase liberates a 











TaBLeE III 
Action of Apyrase on TTP 

After 15 min. hydrolysis | After 120 min. hydrolysis i 

Preparation of apyrase | lade | Length of hin of decarboxylation . an 
10min. | 20 min. 30min. | 5min. 10 min. 15 min, 

1 | BT 124 171 24 46 76 
1 (Inactivated) 33 71 90 31 59 90 
2 56 107 172 36 76 111 
2 (Inactivated) 39 | | He 44 87 140 





The figures given are the average of two measurements in the Warburg manom- 
eter. 


product which, like cocarboxylase, is more active than TTP, while pro- 
longation of hydrolysis leads to a mixture less active than the initial 
product. The residual activity was due to the unsplit compounds. 

The potato apyrase thus hydrolyzes TTP as well as ATP. ‘These data 
provide enzymatic evidence of the triphosphoric structure of TTP. 

While ATPase acted on ATP, it was quite ineffective towards TTP. 
Thus ATPase is strictly specific for ATP and devoid of any hydrolyzing 
activity on TTP. 


SUMMARY 


1. Thiamine triphosphoric acid (TTP), recently described by the authors, 
restores the carboxylase activity of washed yeast. From 4 to 5 times 
more TTP than cocarboxylase are required to saturate the washed yeast. 
The resynthesized enzymatic system developed 80 per cent of the activity 
of the one rebuilt with cocarboxylase. In the course of the study a new 
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— washing technique for bakers’ yeast and a titration method for the acet- 
; aldehyde formed from pyruvate are described. 
— 2. Potato apyrase hydrolyzes TTP in two steps to pyrophosphoric and 
“ to orthophosphoric acid ester. ATPase is devoid of any hydrolyzing 
a activity towards TTP. a 
Ry 3. The difference in activity of TTP and cocarboxylase indicates that 
rs TTP does not act solely through a pyrophosphoric ester such as cocar- 
mn boxylase due to its hydrolysis. 
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The question has often arisen as to how serum or plasma should be ob- 
tained and handled preparatory to electrophoretic analysis. Altera- 
tions in the electrophoretic pattern of plasma and plasma fractions re- 
sulting from prolonged storage and various treatments have already been 
reported (1-4). It has been observed, however, that changes may occur 
in a short period of time under apparently normal conditions if certain 
precautions are not observed. The effect of hemolysis has been quanti- 
tatively measured. In phosphate buffer, the y-globulin is affected, 
whereas in veronal buffer the 6-globulin is affected. The changes in the 
serum or plasma which occur on standing appear to depend on two fac- 
tors, lipides and proteins. Those,depending on the lipides or lipoprote- 
ins occur more readily than those dependent on the proteins alone. 

This paper reports alterations in the electrophoretic pattern caused by 
(1) hemolysis, (2) dialysis, and (8) short periods of storage or shipping. 
It further reports on the accuracy and reproducibility of pattern measure- 
ments. 


Method 


The samples of sera and the methods of their preparation will be de- 
scribed in detail below. Two types of buffer solutions were employed: 
one buffer (5, 6) of pH 7.4 was 0.02 m with respect to sodium phosphate 
and 0.15 m with respect to NaCl (referred to as phosphate buffer) and 
the other was a veronal buffer of pH 8.6 which was 0.1 m with respect to 
sodium diethyl barbiturate and 0.02 m with respect to diethylbarbituric 
acid (7) (referred to as barbiturate or veronal buffer). Each sample, un- 
less otherwise stated, was dialyzed for 24 hours. All of the analyses 
were made in a Tiselius micro cell of 2 cc. capacity (8, 9). Some of the 
photographic records were obtained by the scanning method of Longs- 
worth (10) and others were obtained with a slight modification of this 
method (11). Each pattern was projected at a magnification of 3.5 
times, traced and measured with a planimeter. The averages taken 
from three to five tracings are recorded in Tables I to IV. 
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EXPERIMENTAL 


Hemolysis—lIt is quite evident that since hemoglobin is a protein, which 
is isoelectric at about pH 7.0, hemolysis will cause an increase in one of 
the electrophoretic components of serum. In routine practice some hemo- 
lysis very often occurs in the drawing or handling of blood. Here an at- 
tempt has been made to determine the extent of hemolysis necessary to 
cause a measurable change in the electrophoretic pattern of the sera and 
to correlate the hemoglobin content as measured both by nitrogen and 
light absorption with its effect on pattern area. 


_m 





4 
Fig. 1. Electrophoretic patterns of the same serum showing the effect of hemolysis 
in phosphate buffer. (1) non-hemolyzed serum, (2) 0.39 per cent hemoglobin, (8) 


hemolyzed serum, (4) 0.78 per cent hemoglobin, (6) hemolyzed serum. 


Sample I—A sample of non-hemolyzed serum was electrophoretically 
analyzed in a phosphate buffer, then again after specific quantities of 
hemoglobin were added (see Fig. 1). These additions were made in such 
a manner that the serum protein concentrations were unchanged. The 
hemoglobin was prepared by washing the red cells from the same blood 
sample six times with 10 volumes of physiological saline and laking them 
with distilled water. The concentration of sodium chloride was then 
brought up to 1.2 per cent and the stroma removed by centrifugation at 
40,000 r.p.M. for 30 minutes in the ultracentrifuge. The optical densities 
of the serum both before and after the addition of hemoglobin were read 
in a Beckman spectrophotometer at wave-length 576 mu. Before mak- 
ing these latter readings, all samples were diluted 1:10 with the buffer 
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in order to allow the readings to be made in the most sensitive range of 
the instrument. It is evident from the data in Table I that both the 
optical density and the area of y-globulin increase by an amount pro- 
portional to the amount of hemoglobin added. It would therefore be 
possible to determine the amount of hemoglobin present in sera and its 
effect on the electrophoretic pattern from the optical density, provided 
one could estimate the optical density of the non-hemolyzed serum. The 
other substances in serum besides hemoglobin, such as the bile pigments 
and lipides which either absorb or scatter light, make attempts to cor- 


TaBLeE I 
Effect of Measured Quantities of Hemoglobin on Pattern Areas of Serum 


Pattern area, planimeter units | 
Material Nitrogen H Globulins | Detient 


. : | density* 
globin | Albumin a Sa ee en 


mg. per cc. 
CHGS MCR s 6555545 Kh .| 3.71 425 45110 90 0.020 
Wk.:...teveccd eee 2 | 0.249 
Serum + Hb.....:2....,..5..| 415 38 | 128 | 175 | 0.270 
ere Ce eee ee 0.497 


pee > TER eee tas sd 4.41 | 415 38 | 128 | 260 0.518 


Barbiturate buffer 


Clear serum.... ees 405 | 39' 58! 97 68 


RM. «8 see ms 0.36 82 
ee | | 416 37 59), 1838 72 


* Beckman spectrophotometer readings at \ = 576 mu on solutions after dilution 
with 9 parts of buffer. 


rect for hemolysis precarious unless the effect of these other substances 
is specifically measured. 

In this laboratory, it has been found possible to discern non-hemolyzed 
serum by its appearance but impossible to estimate subjectively the 
quantity of hemoglobin in hemolyzed serum. 

When these same amounts of hemoglobin were added to the same serum 
in barbiturate buffer, the area of 6-globulin was similarly increased, as is 
illustrated in Fig. 2 and Table I. 

Dialysis—Reiner and Fenichel (12) have correlated dialysis rate with 
stirring and temperature. In order to show the effect of dialysis on the 
electrophoretic pattern of serum, analyses were made on a serum sample 
without any dialyses and after dialysis of 24 and 48 hours. Parallel ex- 
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periments were made in two different buffers, viz., the phosphate-saline 
and the barbiturate buffers described above. 

Sample IJ—A sample of fresh serum was divided into two aliquots 
(each of these being later divided into three subaliquots). Each of the 
two aliquots was diluted with 2 parts of the respective buffers. A portion 
of each was immediately taken for electrophoresis. The remainder was 
put into bags made from viscose sausage casings (Visking) whose average 
pore diameter, measured from rate of water flow under constant pressure, 
was about 2.5 my. The dialysis was allowed to take place in the cold 
without stirring. The volume of the dialysate was about 300 times that 
of the original serum. After 24 hours, a sample was removed from the 
bag, the remainder being left to dialyze in the same bag against one-half 
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| K 

Fig. 2. Serum patterns showing the effect of hemolysis in barbiturate buffer. 

(1) non-hemolyzed serum; (2) 0.23 per cent hemoglobin; (3) serum plus hemoglobin. 
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of the same buffer for an additional 24 hours. The results of this ex- 
periment are recorded in Table II and the patterns are shown in Fig. 3. 
This experiment was repeated in different samples of sera four times 
with similar results. 

In the phosphate buffer the apparent proportion of albumin increased 
slightly after dialysis for 1 day, then returned after 2 days to about the 
value obtained with no dialysis. The proportion of a- and 6-globulins 
did not change, whereas y-globulin showed a slight decrease after the 
lst day but increased to a little above the undialyzed value after the 48 
hours dialysis. None of these changes with time of dialysis, however, 
is of significance because all of the values fall nearly within the error of 
measurement (see below). 

In the veronal buffer the patterns appear to be different but the measure- 
ment of each component does not reveal very significient changes ex- 
cept in the 6- and e-boundaries and in the mobilities. 


\ 


| 








- 
- 
: 
L 
: 
E 





1151 


MOORE, ROBERTS, COSTELLO, AND SCHONBERGER 








*][99 “UID [ YJIM SZUIPBal J9JOWIOIIJI}UI SSIOZ » 








































































































| uqwinqry 


0°Ss 
gcse 
8hE 

vss 
c¢cé 
gce 


| 
| 


eC 
3 


O9F 
LY¥ 


S6E 
Vor 
¢° 19 
GLE 
£6F 
2°69 
SIP 
LbP 


(¢) 





% “A | 

‘Y | 

‘dad SP 
% “a 

A ine 

‘d XG 
% a | 

‘Y | 

‘da 0 
% “a 

‘Vv 

‘a 8P 
% “a 

‘v 

‘d ¥% 
% “da 

‘Vv 

‘d 0 

"Say 

(2) (1) 
Sulpusose 10 oul} 
Zulpusosag sisA[BiqT 





the 
. 48 
ver, 








; | | j | 
ek ee Be Pe ec or | yor |*st | rs | 82 
| | }0'r | 2%} 0%] 0g | 8's] 999 | 12 1¢ | Oot} Gb] & 
so°€ | IT'€ I€°S | chs | 60) Gs p as | 97; g°S cso | Of | 89 LIT 65 Og | 
| | ie = ed /6Or /oGr | 98 | 16 | 
| | €°T | L$ | ae ¢‘¢}c'9| 992 26 62 Ka 8¢ o¢ 
FOE | ILE | 9S | CFS | a | 6%) TF) eS) so! OFZ cs PL 621 s¢ 29 | 
| oe eo | r6 | 99 | SOI | os | 
| 6°0 | Tohectieriss 928 1% 69 6FT 19 09 
cee | I0€| 61 | 2%) 80) Ge) 2:8) 8) 2°) Is | O LL cer | +8 69 | 
: . Ty Jayng 97BinzIGieg —_—— = 
| . + oo | { aaa 
| | gor | SI | 9°9 
| ’'0|€°3| VE 9°F | 069 crt SIT 8€ 
Té°6 | 8°6 Z1°S | 10°'T | €°0 | 0° | OE | GP | Gol OZT €éT 8F 
| Fl 8°LT 29 
FO0\/9'S/GE| EF) SF} £99 + | OIT 8% GS 
826 8°6 | FI°S | 10°T | G0} 3S) SE Ly | 289 66 CGI ev 
| 8°ST Z°81 €°9 
| 90; 8S; TE) TF) OV] GFL €hT LIT tPF 0€ 
FL°8 8°6 | €h°c | 10°T | €°0 | 1S] SE Ly | SGL 611 TtI SP 
¥ + > : Jayng oyeydsoyg aes 
(81) | (41) ee (St) ) (et) | (zt) | (tt) | (ot) (8) (2) (9) (s) (¥) F2 
aagnq | Joyem | un | urn ayn GE | mom urn qn uyn ayn ui 
myevot | FOB | HT tng | TO | AO | AOD | “aD | May] MAL | eo" | -qoin-+ | -qotn-# | -qo1d-e»| -qoin-! 
‘onpansapee) | “i ia s}1un J9a}9UNUEId ‘vale 0193}eg 
— gaaqnanopsfayy aargnjaay pun ‘sarjrarjonpuoZ ‘susayng sises0ydospajg YyIn omy, sishzorg fo u017049.110) 
II WIavyy, 
8 228888338 ga 908 B22 


r of 





1Te- 
e€X- 





1152 ELECTROPHORETIC ANALYSIS OF SERUM 


In Columns 15 and 16, interferometer readings are recorded, which 
give relative refractive index differences between the protein solutions 
and the buffer solutions measured just before these solutions are placed 
in the electrophoresis cell. Interferometer readings for the two buffers 
against water are recorded in Column 15 of Table II. These latter 
data show that the refractive increment caused by veronal solutes is 
about 2.4 times that caused by the phosphate-saline solutes, although 
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Fic. 3. Serum patterns showing the effect of dialysis. (1) and (4) undialyzed; (2) 
and (5) dialyzed 1 day; (3) and (6) dialyzed 2 days; (1), (2), and ($) in phosphate buffer; 
(4), (6), and (6) in barbiturate buffer. 


the ionic strength of the veronal buffer is only one-half that of the 
phosphate. The refractive increments caused by the diluted serum read 
against the buffer (or dialysates) are recorded in Column 16. The con- 
ductivities of the buffer solutions (or dialysates) are recorded in Column 
17 and those of the protein solution are recorded in Column 18 of Table 
II. 

Mobility data were calculated by using buffer conductivities for the 
descending boundaries and protein solution conductivities for the as- 
cending boundaries. This procedure gives better agreement between the 
two legs of the cell. When the samples were analyzed in barbiturate 
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buffer without dialysis, the movement of boundaries on the ascending 
side was considerably less than on the descending side, because the field 
strength here was reduced by the migration of chloride ions from the 
serum into this region ahead of the albumin. 

Storage—It has been observed that when serum or plasma is allowed 
to stand a few days at room temperature or is shipped without refrigeration 
there occur rather marked changes in the a- and 6-globulin portion of the 
electrophoretic pattern. In order to show these changes precisely, the 
following experiment was performed. 

Sample [11—Venous blood from a normal subject was allowed to clot 
in clean sterile tubes for 2 hours at room temperature. The blood was 
then centrifuged for 3 hour at about 1500 R.p.m., whereupon the clear, 
unhemolyzed serum was decanted. Three aliquots were then sealed in 
sterile ampules and treated in the following manner before electrophoretic 





2 K 


Fic. 4. Electrophoretic patterns of the same sample of serum in phosphate buffer. 
(1) stored in ice box 15 days; (2) shipped; (3) stored at room temperature 8 days. 


analysis: Aliquot 1, placed in the ice box at 2—6° for 15 days; Aliquot 2, 
shipped from New York to Dallas and back by air mail (8 days); Aliquot 
3, left at room temperature (20-25°) for 8 days. ‘The difference in these 
patterns is shown in Fig. 4. 

Sample 1V—When plasma taken from whole blood (citrated) which 
had been stored in the cold (blood bank) for 3 weeks was compared with 
a portion of the same sample which was analyzed before storage, changes 
also occurred in the a- and 6-globulin region, as portrayed in Fig. 5. Since 
it has been demonstrated (13, 14) that lipides are associated with these 
two globulins, a group of experiments was performed to study alterations 
in the pattern produced by various methods of lipide removal and aging. 

Sample V—This sample of serum prepared in the same manner as 
Sample III was divided into ten aliquots and treated as follows: Aliquot 1, 
untreated; Aliquot 2, filtered in a Seitz filter; Aliquot 3, ether-extracted 
three times by the McFarlane method (13); Aliquot 4, a portion of Aliquot 
3 stored at room temperature for 5 days; Aliquot 5, ultracentrifuged at 
10,000 r.p.m. for 40 minutes, whereupon a fatty layer was discarded, 
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stored at room temperature for 5 days, and ultracentrifuged again to re- 
move fats; Aliquot 6, stored for 12 days at room temperature; Aliquot 7, 
a portion of Aliquot 6 after ether extraction three times by the McFarlane 
method; Aliquot 8, heated at 57° for 10 minutes; Aliquot 9, a portion of 
Aliquot 8, ether-extracted; Aliquot 10, heated at 60° for 15 minutes. The 





ak 
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Fia.5. Plasma patterns in phosphate buffer. (7) fresh; (2) after storage with cells 
in blood bank for 21 days; (2a) after electrophoresis for 135 minutes; (2b) 165 min- 
utes, showing the mobility of the inverted refractive gradient at the a-globulin 
boundary. ; 
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Fic. 6. See the text, Sample V& 


results of these experiments are shown in Fig. 6. As was pointed out by } 
McFarlane (13), low temperature freezing of the serum-ether emulsion 
removes only part of the total lipides, but removes little or no nitrogen 
from human serum.'! Repeated extractions with ether do not appreciably 
affect the electrophoresis patterns. Faber' has shown that most of the 
cholesterol is removed at the first extraction, although small quantities 





1 Personal communication from M. Faber. 
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of phospholipides may continue to be removed even at the tenth or twelfth 
extraction. 

In order to observe the effect of other treatments of serum the following 
experiment was undertaken. 

Sample VI—A sample of fresh serum was divided into six aliquots and 
treated as follows: Aliquot 1, control; Aliquot 2, frozen in a dry ice-aleohol 








wo Le Le 


Fic. 7. Serum in phosphate buffer. (1) fresh; (2) frozen; (3) lyophilized; (4) ether 
extracted; (6) heated; (6) heated and ether-extracted (see the text, Sample VFB). 


bath and allowed to thaw in the ice box; Aliquot 3, lyophilized, then re- 
stored to the original serum volume by adding distilled water; Aliquot 4, 
ether-extracted three times by the McFarlane method; Aliquot 5, heated 
at 58° for 20 minutes; Aliquot 6, a portion of Aliquot 5 after ether ex- 
traction three times by the McFarlane method. The results of these 
experiments are illustrated in Fig. 7 and the measurements on the patterns 
are collected in Table III. From these patterns it is apparent that both 
freezing and thawing and lyophilization cause changes in the electro- 
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phoretic pattern, so that it would be unfair to compare fresh sera with 
samples which had been stored by freezing or lyophilization. In both’ 
treated samples there appeared considerable opalescence which migrated 
with the a-globulin (see Fig. 6, patterns 3 and 7; also Fig. 7). The areas 
representing albumin components were considerably reduced and y-globulin 
became both larger and more diffuse. This alteration probably represents 
some albumin degeneration, because enzymatic or other methods of hydrol- 
ysis tend to destroy the electrophoretic properties of proteins. Heating 
at 58° for 20 minutes (pattern 5, Fig. 7) caused the formation of a com 

ponent designated by van der Scheer, Wyckoff, and Clarke (2) as the C 
component, which was not diminished by ether extraction (pattern 6 

The total amount of material removed by ether extraction here was in 

dependent of heating (compare patterns 4 and 6). In another experiment 


Tas.e III 
Effect of Various Manipulations on Electrophoretic Patterns of Serum 


Carried out in phosphate buffer. 


Pattern area, planimeter unit 


Treatment Globulins 
Albumin 
a B 
Untreated... 135 18 86 68 637 
Frozen and thawed 390 50 85 78 603 
Lyophilized 102 17 97 8S 634 
Ither-extracted 324 17 17 64 {82 
Heated 20 min. at 58°. 352 143 63 74 632 
20 ‘ ** 58° and extracted 295 143 50 188 


not shown, serum was heated after extraction with ether, whereupon the 
C component appeared and was not affected by further similar extractions. 

It would appear from the foregoing experiments that changes which 
occur readily at room temperature or by the usual methods of serum ma- 
nipulation and storage are mainly concerned with the lipide content of 
the serum, whereas the changes produced by more drastic temperatures 
would seem to depend upon the denaturation of the proteins, a process 
independent of the presence of lipides. 

Serum obtained from the same subject, after fasting # hours and %% 
hours after a fatty meal, appeared markedly different in the test-tube but 
revealed no significant electrophoretic differences. 

Measurement of Patterns—The data of Table IV show the deviations 
in measurements obtained when three different people trace and measure 
with a planimeter the same pattern. The symbols in the first column 
stand for the person making the measurement. These data indicate that 
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the variation in different measurements is just as great when made by 
the same individual as when made by different ones. These patterns 
were made by a modification (11) of the scanning method of Longsworth 
(10) in which the scanning diaphragm in front of the camera lens con-_ 
sisted of two edges forming a wide slit. Each datum in Table IV represents, 
therefore, the mean of the measurements made on the top and bottom 
patterns. This procedure eliminated most of the error resulting from the 
indeterminateness of the pattern edge and from variation in light exposure 
which here was small but in some cases may be appreciable (11). The 
greatest source of error is in establishing the base-line. In order to mini- 
mize this error, the initial boundaries were forced by compensation well 
out from behind the cell plates, so that after electrophoresis a portion of 


TaBLeE IV 
Repeated Measurements of Pattern Area 





| Globulins 














Person | Albumin | __ | Total 
| @ 8B ef 
i oiegalh is ae 

Rissa Sian ce 420 | 49 | 134 | 127 | 730 
ne cor Tit 438 | 50 | 133 | 120 | 741 
MCLE ET ee 420 | 48 | 125 | 120 | 713 
Bee oi Alii ys ceenall< bases eee 425 | 45 | 137 | 115 | 722 
, ae ee We. dics, Dadbhy mie Mime ae 418 | 49 | 134 | 117 | 718 
ee eee hiro bo 
RR os a dy: end 424 48 | 133 120 | 725 








the gradient curve was horizontal in the region adjacent to the non-mov- 
ing boundary. Similarly, the leading boundary was not allowed to trav- 
erse the cell completely, thus leaving a portion of horizontal curve there. 
These horizontal portions on each side of the pattern establish the ends 
of the base-line. If the optical parts in the apparatus are flawless and 
the light intensity is uniform across the pattern, the base-line may be 
drawn straight between the e- ‘ned ends. 

In most instances, only the descending patterns were used for the area 
measurements because it has been shown (15-17) that the descending 
boundaries are less affected by superimposed gradients of either salt or 


protein. Both ascending and descending patterns were used for mobility 
measurements. 


SUMMARY 


In the electrophoretic analysis of hemolyzed biological substances, such 
as blood serum or plasma, the contribution of hemoglobin to the pattern 
may be estimated by subtracting the 6-globulin area obtained in phos- 
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phate buffer from that obtained in barbiturate buffer, provided the sam- 
ples are not dialyzed more than 24 hours. 

The changes in the electrophoretic pattern caused by dialysis of serum 
in phosphate-saline buffer are insignificant. It appears feasible to analyze 
serum in this buffer without dialysis. 

In veronal buffer at pH 8.6 the alterations in the pattern resulting from 
dialysis appear to be significant, but the actual measurements of the 
component areas reveal only small changes except for a general decrease 
in pattern area with dialysis time. 

Evidence is given that serum should not be shipped except when re- 
frigerated. It should be separated from the blood cells as soon as possible 
and maintained at ice box temperatures. Freezing or lyophilization pro- 
duce measureable changes. 
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STUDIES ON THE CONVERSION OF RADIOACTIVE LEUCINE 
TO ACETOACETATE* 


By MINOR J. COON anp SAMUEL GURIN 


(From the Department of Physiological Chemistry, School of Medicine, University of 
Pennsylvania, Philadelphia) 


(Received for publication, June 8, 1949) 


Although it is well established that leucine gives rise to ketone bodies in 
the course of its metabolism in the mammalian organism, the mechanism 
of this transformation has not been fully elucidated. As early as 1906, 
Embden and his colleagues (2) presented evidence from perfusion studies 
that isovaleric acid is a ketogenic substance, and they proposed it as a 
possible intermediate in the biological degradation of leucine. Subse- 
quently, Ringer, Frankel, and Jonas (3) reported that the administration 
of isovaleric acid to phlorhizinized dogs results in the excretion of extra 
ketone bodies. The latter investigators suggested that the compound 
undergoes reductive demethylation to form butyric acid, which is then 
oxidized directly to acetoacetic acid. 

More recently, Bloch (4) has found that deuterium-labeled leucine or 
isovaleric acid is partially converted in the intact animal to “acetate,” 
which can be utilized for acetylations as well as for cholesterol formation. 
These experiments are of particular interest in that they permit a calcula- 
tion of the extent to which acetate was formed from the administered 
compounds. Bloch’s data indicate that only half a mole of acetoacetate 
may be formed from a mole of leucine. 

The experiments described below were undertaken in the hope that the 
mechanism of these reactions could be established with the aid of the C™ 
isotope as a tracer. For this purpose, two preparations of leucine were 
synthesized, with the tag in the 8 and the y positions, respectively. From 
a study of the metabolism of the two compounds in liver slices, it was 
possible to demonstrate that the a- and B-carbons of leucine furnish a 2- 
carbon fragment capable of condensing to form acetoacetate. The 
isopropyl group of the amino acid does not yield a similar 2-carbon com- 
pound to an appreciable extent. 


EXPERIMENTAL 


Synthesis of B-C'*-Leucine—The reactions which were employed are as 
follows: 


* Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council. A preliminary report on this 
investigation has been presented (1). 
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* * . 
(CH;)2,CHMgBr + CO; — (CH;),CHCOOH — (CH;),CHCH.OH — 


* * 


(CH;);CHCH.Br — (CH;)2CHCH2CHNH;COOH 


Carboxyl-labeled isobutyric acid was prepared by the Grignard reaction } 


according to the general method of Sakami, Evans, and Gurin (5). The 
carbon dioxide formed by the action of perchloric acid on 10 gm. of radio- 
active barium carbonate was allowed to react with the Grignard reagent 
made from 6.20 gm. of isopropyl bromide. The yield of redistilled iso. 
butyric acid was 59 per cent of the theoretical amount. The acid was 
converted directly to isobutyl alcohol by the use of lithium aluminum 
hydride, according to the general method of Nystrom and Brown (6), 
Treatment of the dry alcohol with phosphorus tribromide gave isobuty! 
bromide in a 52 per cent over-all yield from the acid. The isobuty] 
bromide was then condensed with acetylaminomalonic ester, according 
to the directions of Snyder, Shekleton, and Lewis (7), and the crude re. 


action product was hydrolyzed with hydrobromic acid. The free amino ' 


acid, which was obtained by the addition of ammonium hydroxide, was 
recrystallized from water. The yield from the isobutyl bromide was cal- 
culated as 42 per cent. After an additional recrystallization, the leucine 
gave a satisfactory value for total nitrogen content (micro-Kjeldahl), and 
it had a radioactivity of 603 counts per minute per mg. of carbon, or 
3618 calculated for the 8-carbon alone. 
Synthesis of y-C™-Leucine—The reactions are as follows: 
K * 


* * 
CH;MgI + CO: — CH;COOH — (CH;).CO — (CH:)CHOH — 


* * * 
(CH;);CHBr — (CH;),;CHCOOH — (CH;),CHCH.OH 
* * 
(CH;),CHCH.Br — (CH;)2.CHCH:CHNH.COOH 


3 gm. of carboxyl-labeled acetic acid were prepared from radioactive 
barium carbonate and non-labeled methyl iodide (5). The acid was 
converted to the calcium salt and dried in an oven at 110°. It was then 
converted to acetone by heating at 430-490° in a glass tube approximately 
15 cm. in length and 2 cm. in diameter. Dry, heated nitrogen gas was 
continuously passed through the system in order to carry the acetone 
vapors into a receiver cooled with liquid air. The product was washed 
into a reduction vessel with purified dioxane and shaken for 5 hours with 
Raney’s nickel under hydrogen at a pressure of 40 pounds. The result- 
ing isopropy! alcohol was separated by distillation and then treated with 
phosphorus tribromide to yield radioactive isopropyl bromide in an over- 
all yield of 50 per cent from the acetic acid. The bromide was con- 
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verted to a-C-isobutyric acid by carboxylation with non-radioactive car- 
bon dioxide, and the acid was then transformed into y-C™-leucine by the 
reactions previously described. The radioactivity of the analytically 
pure amino acid was 40 counts per minute per mg. of carbon, or 240 cal- 
culated for the y-carbon alone. 

Determination of Radioactivity—All of the radioactivity measurements 
reported in this paper were performed on barium carbonate samples. The 
various organic compounds were submitted to the wet oxidation procedure 
of Van Slyke (8), and the carbon dioxide which was produced was trapped 
in a saturated solution of barium hydroxide. The barium carbonate was 
thoroughly washed with water and then dried before it was spread on 
plates in a manner previously reported (9). The radioactivity of the 
samples was determined with a bell-shaped Geiger counter having a thin 
mica window (2.5 mg. per sq. ecm.). Under these conditions, the rela- 
tionship of recorded activity in the counter to plate thickness was found 
to be identical with that described by Reid (10). 

The counts in excess of background were in all cases corrected to activity at 
infinite thickness. With the exception of a few values (0.6 or less) which are 
of questionable significance, the radioactivities reported are subject to a 
standard error in counting of no greater than 5 per cent. 

Incubation of B-C™-Leucine with Liver Slices—The procedures described 
by Edson (11) and Cohen (12) for the study of leucine metabolism in liver 
tissue in vitro were adapted to a larger scale so as to provide sufficient 
material for a complete chemical degradation of the resulting aceto- 
acetate. Adult rats which had been fasted for 24 hours were sacrificed. 
The livers were removed immediately, and tissue slices approximately 
0.5 mm. in thickness were prepared. To 2.5 gm. of moist slices in a War- 
burg flask, 20 ml. of Ringer-phosphate buffer solution containing 3.0 mg. 
of the radioactive pi-leucine were added, and the flask was shaken for 
4 hours at 38° under an atmosphere of oxygen. Respiratory carbon di- 
oxide was absorbed by a 20 per cent solution of sodium hydroxide in 
the center well. 

Upon the completion of the incubation, the medium was decanted 
and the slices were washed. The combined supernatant solutions and 
washings from four flasks were treated with the copper-lime reagents 
commonly used for deproteinization. To the filtrate, containing approxi- 
mately 8 mg. of acetoacetic acid produced by the tissue, 90 mg. of non- 
radioactive acetoacetic acid freshly prepared from the ethyl ester (13) 
were added. 

Degradation Procedure A—A portion of the final solution containing 
carrier acetoacetate was heated under a reflux with Denigts’ reagent, and 
the carbon dioxide which was liberated was collected as barium carbonate. 
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The mercury-acetone complex was separated from the solution, dissolved | 


in 1 n hydrochloric acid, and purified by steam distillation of the acetone 
into fresh mercuric sulfate reagent. It is apparent from the results given 


in Table I that in each experiment the radioactivity was concentrated jp } 


the acetone fraction. 

Degradation Procedure B—In order to establish the radioactivity in the 
individual methyl and methylene carbons of the acetoacetate, use was 
made of the degradation procedure recently reported by Weinhouse and 
Millington (14). A portion of the protein-free filtrate containing carrier 
acetoacetate was oxidized with permanganate at 0° to yield carbonic. 


TABLE [| 


Distribution of Radioactivity in Acetoacetate Formed from B-Labeled Leucine in 
Liver Slices 








Counts per minute per mg. of 














Compound | Cohn ny acid | carbon 
Experiment 1 Experiment 2 
Respiratory CO, | 7.4° 9.4* 
Degradation Procedure A | 
CO: COOH 0.6 0.6 
Acetone | CH:;, CO, CH: | 9.3 10.3 
Degradation Procedure B 
Formic acid CH: 12.2 15.4 
BaCO; | CO | 0.6 0.5 
Acetone | CH;, CO, CH; | 7.7 8.4 
| CH; (calculated) | 11.6 12.6 








* These figures cannot be compared directly with the other values in the table 
because the acetoacetate was diluted by carrier (see the text). 


formic, and acetic acids from the carboxyl, a-, and B- + y-carbons, respec: } 


tively, of the acetoacetic acid. To distinguish between the @- and the 
y-carbons, it was necessary to degrade the acetic acid fraction further. 
Accordingly, the acetic acid was converted to the barium salt, which was 
pyrolyzed in an evacuated sealed tube to form acetone and barium car- 
bonate. The acetone was collected in a portion of the tube which was 


chilled in a chloroform-dry ice mixture; it was subsequently isolated as | 


the mercury complex and then purified in the usual manner. The crude 
barium carbonate, which was gray in color, was acidified, and the liber 
ated carbon dioxide was aerated into barium hydroxide solution. 

The radioactivity of the formic acid samples, as shown in Table I, indi 
cates the presence of relatively large amounts of C“ in the methylene car 
bon of the acetoacetic acid. In contrast, the BaCO; formed by pyrolysis 
of the barium acetate bears only a trace of the C™ isotope in each experi 
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ment. The activity of the methyl carbon was calculated from that of 
the acetone produced by the pyrolysis of barium acetate, by multiply- 
ing by 3. 

It is apparent that in each experiment the radioactivity was concen- 
trated almost entirely in the methyl and meth) ‘ene carbons, and to ap- 
proximately the same extent in each of these. It is therefore concluded 
that at some stage in the metabolism of leucine its a- and 8-carbons split 
off as a 2-carbon intermediate which is capable of condensing to form 
acetoacetate. The two degradative procedures which were used yielded 
data which are in good agreement. In Experiment 1, the radioactivity 
of the individual methylene and methyl carbons of the acetoacetic acid, 
as determined in Procedure B, accounts for 85 per cent of the activity 
of the acetone fraction obtained in Procedure A. In Experiment 2, a 
similar calculation yields a value of 91 per cent. 

Administration of B-C™-Leucine to Phlorhizinized Rat—A fasted, phlo- 
rhizinized rat was injected subcutaneously with 100 mg. of 8-C'*-leucine, 
and the acetoacetate which appeared in the urine during the following 24 
hours was degraded by standard procedures. The mercury-acetone com- 
plex was found to be radioactive, and iodoform prepared from it accounted 
for almost all of the isotope present. These findings are in accord with 
the results of the tissue slice experiments. 

Unpublished data indicate that in the intact phlorhizinized rat singly 
labeled radioactive acetoacetate is randomized to a considerable extent 
prior to its appearance in the urine. Therefore, in the present experi- 
ment no attempt was made to establish the distribution of C' between 
the methyl and methylene carbons. 

Incubation of y-C'*-Leucine with Liver Slices—The results of these ex- 
periments, which were conducted in a manner similar to that already 
described for the 8-labeled amino acid, are presented in Table II. In 
Experiment 1 no carrier acetoacetate was added to the protein-free fil- 
trate, which was treated according to Procedure A. The appearance of 
isotope solely in the acetone fraction suggested the possibility that in the 
presence of the liver slices the isopropyl group of the amino acid had been 
directly converted to acetone. As a control experiment, a solution con- 
taining 6 mg. of y-C"-leucine and 8 mg. of non-radioactive acetoacetic 
acid was carried through the copper-lime treatment and the mercuric 
sulfate degradation. Under these conditions, the mercury-acetone com- 
plex had no measurable radioactivity. Therefore, the findings in Experi- 
ment 1 must be attributed to the action of the liver tissue on the amino 
acid, 

In the event that the isopropyl group is converted to acetone during 
metabolism and that the latter compound is not further metabolized in 
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liver tissue, one would expect to find no radioactivity in any of the vola- 
tile acids produced by the action of permanganate. Acetone, unlike 
acetoacetate, is not degraded under the experimental conditions of this 
procedure. In Experiment 2, 8 mg. of acetoacetate carrier were added 
to the solution before aliquots were submitted to the mercuric sulfate and 
the permanganate degradations. The acetone fraction exhibited signifi- 
cant radioactivity, whereas the carbon dioxide liberated by Denigés’ rea- 
gent did not. Of the volatile acids produced in Procedure B, only the 
acetate exhibited significant radioactivity. This finding was confirmed 
in Experiment 3, where 16 mg. of carrier acetoacetate were added to the 


TABLE II 


Distribution of Radioactivity in Acetoacetate Formed from y-Labeled 
Leucine in Liver Slices 








Counts per minute per mg. of 











| 
Compound | aan Lar poe acid | carbon pa 
| Experi- Experi- Experi- 
| ment 1 ment 2 ment 3 
Respiratory CO, | 0.2 0 0.3 
Degradation Procedure A | 
CO: COOH 0 0 
Acetone | CH;, CO, CH: 5.1 2.9 
Degradation Procedure B | | 
CO: COOH 0 | 0.3 
Formic acid | CH: 0 | O 
Acetic ‘“ | CH;, CO a2 |. 44 
BaCO; | CO | i = 
Acetone CH;, CO, CH; | 2.8 








combined copper-lime filtrate from eight flasks in order to provide sufi- 


t 


| 


i 


cient material for degradation of the acetate fraction. The acetic acid ) 


was converted to the barium salt, which was pyrolyzed, and the products 
were purified. It is apparent that the radioactivity of the barium car- 
bonate was exactly twice that of the acetate, which was therefore labeled 


only in its carboxyl carbon. The significance of these findings is dis- | 


cussed below. 


DISCUSSION 


In the course of their perfusion studies, Embden and his associates | 


(2, 15) discovered that a greater amount of ketone bodies was produced 


' 


from pD- or DL-leucine than from the xu isomer. Edson (11) confirmed 


this difference in behavior by his studies on the formation of acetoacetate 


from the L- or DL-amino acid in liver slices. Since the optical isomer / 
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of the amino acid are known to yield the same keto acid upon oxidative 
deamination (16, 17), one would not expect their carbon chains to meet 
with different catabolic fates. It would appear that the rate of deamina- 
tion is the factor governing the differences observed by these workers. 
Rose (18) has established the fact that p-leucine is not an efficient substi- 
tute for the L isomer in stimulating growth in the rat. The rate of the 
inversion is apparently inadequate to meet the demands of the organism 
for this purpose. That the inversion actually can occur to a certain ex- 
tent was proved by Ratner, Schoenheimer, and Rittenberg (19). They 
concluded from isotopic experiments that complete deamination of the 
p isomer must take place prior to asymmetrical amination. Accordingly, 
the conclusions reached in the present investigation with respect to the 
biological degradation of the carbon chain are believed to apply to both 
enantiomorphs of leucine. 

The data from the studies with the B-labeled leucine lead to the con- 
clusion that during the metabolism of the amino acid its a- and 6-carbons 
split off as a 2-carbon intermediate which can condense to form aceto- 
acetate. The experimental evidence definitely rules out the hypothesis 
that 4 carbons of the amino acid might form acetoacetate directly, for in 
such an event it would have been labeled in only a single position. This 
deduction depends upon the well established fact that acetoacetate does 
not undergo randomization in liver tissue (20). 

Our findings are in agreement with the possibility that isovaleric acid 
is an intermediate in the reactions under discussion. However, butyric 
acid could not have been formed from isovaleric acid, as was proposed at 
one time by Ringer e¢ al. (3). Under the experimental conditions of the 
present study, butyrate would have formed acetoacetate with a greater 
proportion of the isotope in the methylene carbon (21). In the two ex- 
periments given in Table I, the ratios of the radioactivity of the methyl- 
ene carbon to that of the methyl carbon are only 1.1 and 1.2, respectively. 

In the in vitro experiments with the 8-C"-leucine, the respiratory car- 
bon dioxide had appreciable radioactivity. These figures cannot be di- 
rectly compared with the other data in Table I because the acetoacetate 
underwent chemical dilution with the carrier before it was degraded. Where- 
as roughly 10 per cent of the administered counts appeared in the aceto- 
acetic acid, less than 1 per cent was in the respiratory carbon dioxide. 
It would seem likely that the latter effect is not evidence for an additional 
pathway of leucine metabolism, but an indication that a small portion of 
the 2-carbon fragments was oxidized via the tricarboxylic acid cycle. The 
values for the radioactivity of the carboxyl and carbonyl carbons of the 
acetoacetate are so low that they are of questionable significance. 

The absence of significant amounts of radioactivity from the respira- 
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tory carbon dioxide in each experiment in Table II indicates that the iso- 
propyl group of leucine is not completely oxidized in liver tissue. It 
can be concluded from the studies with the y-labeled leucine that the iso- 
propyl group does not furnish a 2-carbon fragment capable of giving rise 
to doubly labeled acetoacetate. The data support the conclusions pre- 
viously reached with 8-C"-leucine as to the possible réle of isovaleric 
acid in these reactions. 

It remains to be established whether the isopropyl group is converted 
to a single compound which both forms an insoluble complex with Denigés’ 
reagent and is readily oxidized to acetate by the action of permanganate, 
The true intermediate most likely is not a glycogenic substance, because 
no reliable evidence exists for the metabolic conversion of leucine to extra 
carbohydrate. 

The accompanying series of reactions, showing the proposed metabolic 
pathway of leucine catabolism, is in accord with the evidence which has 
been presented. 


t «* — 
(CH;);CHCH:CHNH:COOH —— (CH;),CHCH:COCOOH —— 


t t 
(CH,),CHCH,COOH convenaneel [(CH;):CH—] + [—CH,COOH] 
| 
| 


. * 
(?) CH;COCH:COOH 


We wish to express our appreciation to Dr. Sidney Weinhouse for mak- 
ing available to us the unpublished details of his procedure for the degra- 
dation of acetoacetate with permanganate, and to thank Dr. D. Wright 
Wilson for his advice and criticism. 


SUMMARY 


It has been demonstrated by the incubation of 6-C'-leucine with liver 


slices that the a- and 6-carbons of the amino acid split off as a 2-carbon | 


intermediate which is capable of condensing to form acetoacetate. The 
findings are consistent with the hypothesis that isovaleric acid is an inter- 
mediate in leucine catabolism, but not with the assumption that iso- 
valerate undergoes reductive demethylation to form butyrate or oxida- 
tive demethylation to form acetoacetate directly. 


The administration of the 8-labeled amino acid to a phlorhizinized rat, | 
followed by degradation of the urinary acetoacetate, gave results in ac- | 


cord with the findings in vitro. 
Evidence has been presented that the isopropyl group of leucine is not 





ny 





: is0- 
It 

» 180- 
r rise 
pre- 
aleric 


erted 
niges’ 
inate, 
Cause 
extra | 





abolic 
h has 


00H] 


COOH 


yr mak- 
, degra- 
Wright 


th liver 
-carbon 
e. The 
in inter- 
hat is0- 
r oxida- 


ized rat, | 
ts in ace | 


ne is not 


M. J. COON AND S. GURIN 1167 


completely oxidized to carbon dioxide in liver tissue, and that it does not 
furnish to an appreciable extent a 2-carbon fragment similar to the one 
arising from the a- and 6-carbons of the amino acid. 


Ls) 


“IP oe 


BIBLIOGRAPHY 


. Coon, M. J., Gurin, S., and Wilson, D. W., Federation Proc., 8, 192 (1949). 
. Embden, G., Salomon, H., and Schmidt, F., Beitr. chem. Physiol. u. Path., 8, 129 


(1906). 


. Ringer, A. I., Frankel, E. M., and Jonas, L., J. Biol. Chem., 14, 525 (1913). 

. Bloch, K., J. Biol. Chem., 165, 255 (1944). 

. Sakami, W., Evans, W. E., and Gurin, S., J. Am. Chem. Soc., 69, 1110 (1947). 
. Nystrom, R. F., and Brown, W. G., J. Am. Chem. Soc., 69, 2548 (1947). 

. Snyder, H. R., Shekleton, J. F., and Lewis, C. D., J. Am. Chem. Soc., 67, 310 


(1945). 


. Van Slyke, D. D., and Folch, J., J. Biol. Chem., 136, 509 (1940). 
. Gurin, 8., Delluva, A. M., and Wilson, D. W., J. Biol. Chem., 171, 101 (1947). 
. Reid, A. F., Preparation and measurement of isotopic tracers, Ann Arbor, 83 


(1946). 


. Edson, N. L., Biochem. J., 29, 2498 (1935). 

. Cohen, P. P., J. Biol. Chem., 119, 333 (1937). 

. Ljunggren, G., Biochem. Z., 145, 422 (1924). 

. Weinhouse, S., and Millington, R. H., J. Biol. Chem., 175, 995 (1948). 

. Embden, G., Beitr. chem. Physiol. u. Path., 11, 348 (1908). 

. Krebs, H. A., Biochem. J., 29, 1620 (1935). 

. Blanchard, M., Green, D. E., Nocitc, V., and Ratner, S., J. Biol. Chem., 155, 


421 (1944). 


. Rose, W. C., Physiol. Rev., 18, 109 (1938). 
. Ratner, 8., Schoenheimer, R., and Rittenberg, D., J. Biol. Chem., 184, 653 


(1940). 


. Buchanan, J. M., Sakami, W., and Gurin, S., J. Biol. Chem., 169, 411 (1947). 
. Medes, G., Weinhouse, S., and Floyd, N. F., J. Biol. Chem., 157, 35 (1945). 














ev 
ac 


hy 
ke 


sic 
Un 











FATTY ACID SYNTHESIS BY ENZYME PREPARATIONS OF 
CLOSTRIDIUM KLUYVERI* 


IV. THE PHOSPHOROCLASTIC DECOMPOSITION OF ACETOACETATE 
TO ACETYL PHOSPHATE AND ACETATE 


By E. R. STADTMAN anv H. A. BARKER 


(From the Division of Plant Nutrition, University of California, Berkeley) 
(Received for publication, April 18, 1949) 


Cell-free enzyme preparations of Clostridium kluyvert have been shown 
to oxidize ethanol and acetaldehyde to acetyl phosphate (17) and to con- 
vert a mixture of acetyl phosphate and acetate to butyrate with hydrogen 
as a reductant (18). Almost nothing is known about the mechanism of 
the conversion of acetyl phosphate and acetate to butyrate, but it has 
been postulated by Lipmann (15) that the first step is a condensation 
to form acetoacetate, which is then reduced (equation (1)). 


— HPO? oH 
CH,COOPO; = + CH,COO- ———~*> cH,cocH,coo- +24, 


CH;CH:CH:COO- + HO = (1) 


Although there is no direct evidence that acetoacetate is a precursor of 
butyrate, it is known that acetoacetate can be formed from acetate by 
both animal tissues (11, 19, 23) and butyric acid bacteria (7). It there- 
fore seemed desirable to investigate the réle of acetoacetate in butyric 
acid synthesis by the soluble enzymes derived from C. kluyveri. The 
experimental results demonstrate that acetoacetate can be decomposed 
in at least two ways, but they also prove that acetoacetate is not an inter- 
mediate in the formation or oxidation of butyrate. 


Methods 


Acetoacetate was determined manometrically by measuring the CO, 
evolved when this substance is catalytically decomposed with aniline 
acetate, according to the method of Jowett and Quastel (11). 

The acetoacetate used in this investigation was prepared by alkaline 
hydrolysis of ethyl acetoacetate (Eastman Kodak Company) by the 


method of Davies (8). Aqueous stock solutions of the sodium salt were 
kept at —18°. 


* This investigation was supported in part by a research grant from the Divi- 
sion of Research Grants and Fellowships of the National Institutes of Health, 
United States Public Health Service. 
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The increase in inorganic phosphate produced by 7 minutes hydrolysis 
at 100° in 1 n HCl was taken as a measure of adenyl pyrophosphate, 
The adenosine-5-phosphoric acid was obtained from the Sigma Chemica] 
Company. 

8-Hydroxybutyrate was determined by the method of Behre and Bene- 
dict (2, 3). 

The doubly labeled acetate (C'*H;C“OOH) was prepared by the fer- 
mentation of glucose in the presence of C-labeled bicarbonate by the 
anaerobic bacterium Clostridium thermoaceticum (5). 

Butyric acid, labeled in the carboxyl group with C™, was prepared by 
the Grignard method (5), 

Determination of C* in Acetoacetate—The acetoacetate was decomposed 
to carbon dioxide and acetone with aniline acetate (11). The carbon 
dioxide derived from the carboxyl group of the acetoacetate was pre- 
cipitated as barium carbonate and radioactivity measurements were made 
on the precipitate. The acetone derived from the a-, 8-, and y-carbon 
atoms of the acetoacetate was converted to the insoluble 2,4-dinitro- 
phenylhydrazone and radioactivity measurements were made directly on 
this derivative. 

The decarboxylation of acetoacetate with aniline acetate was carried 
out in a diffusion apparatus (5, 21). In one arm of the apparatus was 
placed a suitable aliquot (1 to 2 ml.) of the sample to be tested. The 





sample was acidified (pH 4.0, brom cresol green indicator) with lyn | 


H.SO,, and 0.8 ml. of 0.1 m acetate buffer (pH 4.0) and 1 to 2 drops of 
tributyl citrate were added to prevent foaming. The system was shaken 
in vacuo several minutes to remove dissolved carbon dioxide. Finally a 
small vial (7 X 13 mm.) containing 0.4 ml. of aniline hydrochloride solu- 
tion (120 mg.) was placed in the arm containing the sample, care being 
taken not to mix the aniline hydrochloride with the sample. In the other 
arm of the diffusion apparatus was placed 1 to 2 ml. of 0.3 n Ba(OH). 
The apparatus was then assembled and evacuated. After evacuation, 


the aniline hydrochloride was tipped into the sample and the mixture was | 


warmed to about 40° for 40 minutes and then all of the liquid in the sample 
was distilled in vacuo into the barium hydroxide. The excess barium 
hydroxide was titrated to the phenol red end-point. The barium car- 
bonate was separated by centrifugation, washed twice with | ml. portions 
of CO.-free water, and finally with 10 ml. of ethanol. The precipitate 
was spread uniformly on an aluminum disk, dried at 100°, and radioactiv- 
ity measurements were made with a Geiger-Miiller counter (5). 

When the above procedure is followed, the acetone produced in the de- 
composition of acetoacetate is contained in the supernatant from the 
BaCO; precipitation. To separate the acetone from small amounts of 
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acetate that are also present, the supernatant was adjusted to pH 8.5 and 
distilled. To the distillate were added 10 ml. of saturated 2,4-dinitro- 
phenylhydrazine reagent in 2N HCl. The acetone hydrazone was sepa- 
rated by centrifugation, washed twice with 1 ml. portions of water, re- 
crystallized from warm alcoholic solution, and finally dissolved in ethanol 
and transferred to aluminum disks, dried, and used for radioactivity meas- 
urements. 

All other methods used in this investigation have been described else- 
where (16-18). 











MICROMOLES OF ACETYL~P 








_ 60 120 180 240 300 
TIME IN MINUTES 

Fic. 1, The effect of inorganic phosphate on acetyl phosphate formation from 
acetoacetate. Each Thunberg tube contained 69 um of acetoacetate, 20 mg. of dry 
cell-free extract (Lot D), and varying amounts of inorganic phosphate. The total 
volume was 2.0 ml. The numbers on the various curves refer to the micromoles 
of inorganic phosphate added per ml. The tubes were evacuated and stored at 26°. 

The pH was 5.7. The ordinate refers to micromoles of acetyl] phosphate per ml. 





Results 


Phosphoroclastic Decomposition of Acetoacetate—When acetoacetate is 
incubated with cell-free extracts of C. kluyveri in phosphate buffer, it is 
rapidly decomposed and acetyl phosphate is formed. The dependence of 
acetyl phosphate formation on the presence of inorganic phosphate is 
evident from the data presented in Fig. 1, which show, as is to be expected, 
that, in the absence of inorganic phosphate, little if any acetyl phosphate 
is formed. Increasing the concentration of inorganic phosphate over a 
range of 1.5 to 102 um per ml. caused a progressive increase in the total 
amount of acetyl phosphate produced. However, there does not appear 
to be any simple relation between the inorganic phosphate level and acety] 
phosphate formation. Except at the highest phosphate level, the forma- 
tion of acetyl phosphate was complete after 2 hours. The addition of 
more inorganic phosphate, or acetoacetate, at the time when acetyl phos- 
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phate formation ceased did not cause a resumption of the reaction. This 
indicates that the enzyme system was inactivated. 


CH;:COCH:COO- + HPO, — CH;COOPO;- + CH;COO (2) 


If acetyl phosphate is produced by a phosphoroclastic reaction of the 
type postulated by Lipmann (15) (equation (2)), then for each mole of 
acetoacetate decomposed 1 mole each of acetate and acetyl phosphate 


TaBLeE I 
ina at a — of Acetoacetate 


























Aceto- la acetyl | | re + 
», |Aaceto; | Aa etyl | A | | Aacetyl P + acetate | A acetyl P 
‘outial’ initial | acetate* Pt | seat | acetate§ | | 4 Fil } A acetoacetate APi 
| | 
Experiment 1 
uM | uM pM uM | uM | uM | pu | = 
m4 365 —4.0| 1.4) 9.0) 7.6 2.25 
69 6.0 —7.5) 3.5) 14.7) 11.2 | 1.96 
69 | 26 | —11.0; 6.6} 23.2| 16.6 | | 2.10 
69 | 51 —12.5| 8.2 | 26.0 | 17.8 | 2.08 
69 | 102 —16.5) 9.2 | 28.0 | 18.6 | | 1:70 
Experiment 2 
175 | 105 | —61.5| 32.5| 115 | 82.5| -30.5 1.87 1.06 
337 | 105 —72.5) 40.5 | 150 109.5 | —38.0 2.07 06 























Experiment 1, see Fig. 1 for experimental details. Experiment 2, 85 mg. of dry 
cell-free enzyme preparation in 5.0 ml. of 0.021 m phosphate buffer, pH 5.7, and 
the indicated amounts of acetoacetate incubated in vacuo in Thunberg tubes for 
4 hours at 26°. 

* Aniline acetate method. 

+ Hydroxamic acid method. 

t Estimated by microtitration of the steam-volatile acids. 

§ Obtained by difference, two preceding columns. 

|| Estimated by calcium precipitation method. 


should be formed. To determine whether this was the case, samples from 
the experiments described in Fig. 1 were analyzed to see whether corre- 
sponding changes in acetoacetate and acetate concentrations had taken 
place. The results are summarized in Table I (Experiment 1). Also 
reported in Table I are the results of a similar experiment (No. 2) in which 
the uptake of inorganic phosphate was measured. The data show that 
for each mole of acetoacetate decomposed 2 moles of acetate (free acetate 
+ acetyl phosphate) were formed. The disappearance of inorganic 
phosphate was equivalent to the amount of acyl phosphate formed (Ex- 
periment 2). A comparison of the amounts of acetate and acetyl phos 
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phate produced shows that at least twice as much acetate was produced 
as acetyl phosphate. This is at variance with equation (2) according to 
which equal amounts of acetate and acetyl phosphate should be formed. 
Two possible explanations for this result can be suggested. (a) The 
acetoacetate may be decomposed by two different pathways; namely, by 
a hydrolytic cleavage to 2 molecules of acetate, and by a phosphoroclastic 
splitting, as described by equation (2). If both processes occurred simul- 
taneously, a relatively greater accumulation of acetate than acetyl phos- 
phate would occur. (6) The acetoacetate may be decomposed only by 
reaction (2), but part of the acetyl phosphate formed may be hydrolyzed 
to acetate. The latter explanation seems more reasonable in view of the 
fact that the rate of acetyl phosphate hydrolysis observed in other studies 
(to be reported) was sufficiently high to account for the disparity between 
the acetate and acetyl phosphate found in the present experiment. 

Decomposition of Acetoacetate in Presence of Adenylic Acid—In experi- 
ments to be described later, it was found that some enzyme preparations 
were able to catalyze a rapid transfer of the phosphate group of acetyl 
phosphate to adenylic acid, with the formation of adenyl pyrophosphates. 
With this finding, the opportunity presented itself of determining experi- 
mentally whether or not acetoacetate was decomposed only by way of 
reaction (2). This point could be settled by studying the decomposition 
of acetoacetate in the presence of an excess of adenylic acid. Under these 
conditions, as rapidly as acetyl phosphate is formed, it enters into a reac- 
tion with adenylic acid to give acetate and adenyl pyrophosphate. The 
amount of pyrophosphate thus formed gives a measure of the acetyl phos- 
phate produced. In this manner, the loss of high energy phosphate by 
hydrolysis of acetyl phosphate can be avoided. Lipmann (15) made 
use of this same principle to obtain quantitative data on the formation 
of acetyl phosphate in the oxidative decarboxylation of pyruvate by en- 
zyme preparations of Lactobacillus delbrueckit. 

Acetoacetate decomposition in the presence of adenylic acid can be 
described by equations (3) and (4).? 


CH;COCH.COO- + HPO, — CH;:COOPO;- + CH;COO- (3) 
CH;COOPO;~ + AMP — CH;COO- + ADP (4) 


The net reaction would be 
CH;COCH.COO- + HPO, + AMP — 2CH;COO- + ADP (5) 


from which it follows that for each mole of acetoacetate decomposed, 2 
moles of acetic acid and 1 mole of pyrophosphate should be formed. A 


‘ The adenylpyrophosphatase activity of the enzyme preparation was very slight. 
*AMP = adenosine-5-phosphate; ADP = adenosine diphosphate. 
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ratio of acetate to pyrophosphate greater than 2 would indicate that 
acetoacetate was decomposed by some process other than the phosphoro- 
clastic splitting. 

To test this point, the decomposition of acetoacetate was studied in the 
presence of adenylic acid. Pyrophosphate, acetyl phosphate, and acetate 
were determined after appreciable decomposition had occurred. The 
results, presented in Table II, show that almost exactly 2 moles of acetate 
were formed for each mole of organic phosphate produced. It is almost 
certain, therefore, that acetoacetate is decomposed only by way of a 
phosphoroclastic type of reaction (equation (2)). 

Factors Influencing Phosphoroclastic Decomposition of Acetoacetate. 
(a) Hydrogen Ion Concentratton—The phosphoroclastic decomposition of 
acetoacetate was studied at pH levels varying from 5.3 to 8.0. Since 2 


Tas_e II 
Decomposition of Acetoacetate:in Presence of Adenylic Acid 
18 mg. of dry cell-free extract, 24 um of adenylic acid, and 100 um of acetoacetate in 
1.0 ml. of 0.1 m inorganic phosphate (pH 5.75) were incubated in vacuo in a Thunberg 
tube for 6 hours at 26°. 











P ell 
Increase in 7 min. | Final acetyl P Organic P, total* | Final acetate peat 
Ly Organic P 
uM uM uM uM } 
12.4 1.7 14.1 26.7 | 1.89 





* Acetyl phosphate + 7 minute-hydrolyzable phosphate. 


moles of steam-volatile acid (acetyl phosphate + acetate) are produced 
in the phosphoroclastic decomposition of 1 mole of acetoacetate (Table 
I), the increase in volatile acids was used to measure the reaction.* The 
data from a typical experiment are summarized in Fig. 2. The phos- 
phoroclastic decomposition is greatest in the relatively narrow range of 
pH 5.7 to 6.2. Decomposition at pH 5.4 and 7.0 is only about one-half 
as great as at pH 6.0. 

(b) Acetate Concentration—Since acetate is a product of acetoacetate 
decomposition, the rate and extent of such a breakdown should be influ- 
enced by the acetate concentration. To obtain information regarding 
this effect, the decomposition of acetoacetate was studied over a wide range 


* Total acid production is a more reliable measure of phosphoroclastic decom- 
position than is acetyl phosphate formation, since the hydrolysis of acetyl phos- 
phate, spontaneously and by enzyme action, is also influenced by pH. The use 
of acid production as a measure of phosphoroclastic decomposition also obviates 
the necessity of correcting for the relatively slight spontaneous decomposition 
of acetoacetate to acetone and COQ2. 
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of acetate concentrations. It was found (Fig. 3) that increasing the con- 
centration of acetate from 0.002 to 0.062 m caused a progressive decrease 
in acetoacetate decomposition as measured by the formation of acetyl 
phosphate.* At 0.062 m concentration the amount decomposed was only 
about 25 per cent as great as that decomposed at 0.002 m. An inverse 
proportionality exists between the logarithm of the initial rate of acetyl 
phosphate formation and the acetate concentration (Fig. 4). 
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ACETYL—P + ACETATE, 
w 


pos 6 7 8 0 100 200 300 400 
pH TIME IN MINUTES 
Fia. 2 Fig. 3 


Fig. 2. The effect of pH on the phosphoroclastic splitting of acetoacetate. Each 
Thunberg tube contained 300 um of acetoacetate, 0.1 m phosphate, and 75 mg. of dry 
cell-free extract (Lot G). The total liquid volume was 3.0 ml. Temperature, 26°. 
The abcissa refers to the initial pH; the ordinate to the increase in volatile acids 
per 2.0 ml. after 320 minutes incubation. 

Fig. 3. The effect of acetate concentration on the decomposition of acetoacetate. 
Each Thunberg tube contained 113 um of acetoacetate, 102 um of inorganic phosphate 
(pH 5.7), 20 mg. of enzyme extract (Lot D), and the indicated amounts of sodium 
acetate. The total liquid volume was 2.0 ml. The tubes were evacuated and in- 
cubated at 26°. 


The effect of acetate observed here could be due to (a) a shift in the 
equilibrium of reaction (2) or (b) to some sort of direct or indirect inhibi- 
tion of the enzyme system. The first possibility appeared unlikely, since 
there was a wide variation (4-fold) in the calculated equilibrium constant 
(equation (2)) for samples incubated at the various acetate levels. Fur- 


‘The final ratio of acetyl phosphate produced to the increase in volatile acid 
(acetyl phosphate + acetate) was approximately the same (0.26 to 0.33) at all ace- 
tate levels. Therefore, the formation of acetyl phosphate can be used as an ap- 
proximate measure of the relative rate of phosphoroclastic decomposition of 
acetoacetate under the conditions of this experiment. 
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thermore, tracer experiments, to be described shortly, have shown that co! 
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ible. This discovery proves definitely that the effects of pH and of ace- | agg 
ter 
1.5 ph 
th: 
13 ace 
ned are 
ot acl 
) 4p] 
2 0.9 we: 
.. of 
fre 
0.5 ‘ os i - e r 
ce) iO 20 30 40 50 60 : 
MICROMOLES OF ACETATE PER ML , to 
Fic. 4. The effect of acetate concentration on the rate of acetoacetate decom- (15 
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TaBLe III lll 
Conversion of Acetyl Phosphate to B-Keto Acid | acie 
Each Thunberg tube contained 28 um of acetyl phosphate (initially), 20 mg. of | pec 
dried cell-free extract (Lot C), and the indicated amounts of sodium acetate and tar 
Ba**. The total liquid volume was 2.0 ml. All samples were incubated 240 minutes th 
at 26°. a 
=e 
Sample No. | Sample | Acetyl P* | §-Keto acidt ace 
| | uM a uM Zyn 
1 Control, no enzyme | 6.0 wol 
2 | és boiled enzyme | 5.0 0.2 org 
3 Enzyme, no added acetatet | 11.7 lil Lip 
4 “40 mg. acetate 13.3 1.3 ; 
5 a | 13.8 m 
6 “go “ “ 80mg. Bat 22.4 0.3 phe 
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* Determined by the hydroxamic acid method. still 
+ Determined by the aniline acetate method. C 
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composition of acetoacetate is a readily reversible reaction, it should be 
possible to achieve a synthesis of acetoacetate from acetyl phosphate and 
acetate. Further, if the synthetic reaction occurs to any appreciable ex- 
tent, it could be detected by measuring the disappearance of acetyl phos- 
phate. In Table III are presented the results of an experiment that shows 
that enzyme preparations of C. kluyveri do catalyze the disappearance of 
acetyl phosphate and that small but significant amounts of a 8-keto acid 
are produced. The loss of acetyl phosphate is much greater than the keto 
acid formed. Thus in Sample 3, Table III, the enzyme catalyzed the dis- 
appearance of about 6 um of acetyl phosphate but only 1.1 um of keto acid 
were formed. It has been found by later experiments that most if not all 
of the loss of acetyl phosphate observed under the above conditions is 
due to enzymatic hydrolysis catalyzed by phosphatases present in the cell- 
free extract. 

The failure to observe a greater accumulation of a keto acid may be due 
to an unfavorable equilibrium. According to calculations of Lipmann 
(15) the AF® for the conversion of acetyl phosphate and acetate to aceto- 
acetate (equation (2)) is about +1 kilocalorie at pH 7.0. 

Attempts to increase the keto acid formation by increasing the acetate 
concentration were not very successful (see Samples 3, 4, and 5 of Table 
III). Also unsuccessful was an attempt to increase the yield of keto 
acid by the addition of Bat to precipitate the phosphate that was ex- 
pected to be liberated in the condensation reaction. Ba** actually re- 
tarded rather than stimulated keto acid synthesis. It was found, however, 
that Bat+ did stimulate the disappearance of acetyl phosphate (Sample 
6, Table III). The latter effect of Ba++ may be due to a stimulation of 
acetylphosphatase action, either by way of a direct ion effect on the en- 
zyme or by the removal of inorganic phosphate. The latter possibility 
would seem reasonable in view of the fact that an inhibitory effect of in- 
organic phosphate on animal acetylphosphatase has been described by 
Lipmann (15). However, with the enzyme preparations of C. kluyveri, 
it was found that the rate of hydrolysis of acetyl phosphate in 0.05 m 
phosphate buffer was not significantly different from the rate when no 
phosphate was added. The exact nature of the Ba*+ effect is therefore 
still undetermined. 

Other experiments, that will not be described in detail here, have shown 
that the addition of HCN (0.002 m) causes a greater loss of acetyl phos- 
phate (30 per cent) and a greater accumulation of the keto acid, probably 


| as the cyanohydrin. This effect is being investigated further and will 


be considered in more detail at another time. 
(b) Reduction of Acetoacetate to B-Hydroxybutyrate—Since only relatively 
small amounts of the 6-keto acid were produced in the above experiments, 
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no direct attempt was made to obtain an unequivocal identification of 
the substance. However, since acetoacetate was readily decomposed to 
acetyl phosphate and acetate (Table I), it appeared likely that the ,- 
keto acid was actually acetoacetate and that it might be the primary 
oxidant in butyrate synthesis (equation (1)). 








7OOF A 
s 600 F ACETYL ~P 
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0 40 80 120 160 200 240 280 
TIME IN MINUTES 
Fic. 5. The reduction of acetoacetate with molecular hydrogen. Each Warburg | 
vessel contained veronal buffer 0.04 m (pH 8.1), 20 mg. of cell-free extract (Lot D), | 
and acetoacetate (69 um) or acetate (18 um) + acetyl phosphate (14 um). The sub- 
strates were mixed with the enzyme after 30 minutes. The samples were incubated 
in He at 26°. 
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TaBLe IV 
Hy Reduction of Acetoacetate 
Substrate | —Ha A butyrate 
4 | uM uM ad 
RRA OD) ARES. (ocak hidsnaidesin ss Caewminse venue aces | 29 2 


Acetyl P, 14 um, + acetate, 18 wm....................4.. 








See Fig. 5 for experimental details. The data have been corrected for the H, uptake 
(4.4 um) and the butyrate (2 um) in a control sample to which no substrate was added. 








It has been shown that in a hydrogen atmosphere acetyl phosphate and 
acetate are readily reduced to butyrate (18). If acetoacetate is the 
B-keto acid formed in the above experiments and if it is a normal inter- 
mediate in butyrate synthesis (equation (1)), then it should be reduced 
to butyrate in a hydrogen atmosphere. The results of an experiment to ; 
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test this point are given in Fig. 5, which shows that acetoacetate was 
reduced; however, the rate of reduction was not as great as that obtained 
with a mixture of acetyl phosphate and acetate. The latter fact was in- 
consistent with the view that acetoacetate is an intermediate. There- 
fore, the volatile acid fraction was examined to determine whether butyrate 
had been produced. The data of Table IV show that, although 29 um 
of hydrogen were consumed, only 2 um of butyrate were formed. It is 
obvious, therefore, that most of the acetoacetate had been reduced to 
some other substance. 

In the above experiment, a relatively high concentration of acetoacetate 
(69 um) was added and the experiment was discontinued before the Hy. 
uptake was complete. It could be argued, therefore, that the failure to ob- 
tain more butyrate was due to the fact that the hydrogen-activating system 
was limiting and that the primary reduction of acetoacetate to some inter- 
mediate stage (viz. 8-hydroxybutyrate) was favored, but that a further 
reduction to butyrate might have taken place if the reduction had been 
carried to completion. To exclude this possibility, other experiments were 
made with relatively low acetoacetate levels, and were continued until no 
more hydrogen was consumed. It was found that only 1 mole of hydrogen 
was consumed per mole of acetoacetate added. The addition of more 
acetoacetate to the enzyme mixture after the H, uptake had stopped re- 
sulted in a further uptake, until again 1 mole of hydrogen was consumed per 
mole of additional acetoacetate. Since 2 moles of hydrogen are required to 
reduce 1 mole of acetoacetate to butyrate, these results indicated that 
acetoacetate was reduced to some substance in an intermediate state of 
oxidation. In preparations from animal tissue acetoacetate is reduced to 
8-hydroxybutyrate (6, 9); therefore, it seemed a reasonable possibility 
that this compound was the reduction product of acetoacetate in the above 
experiments. Accordingly, analyses for B-hydroxybutyrate were made on 
the various enzyme mixtures. The results are presented in Table V. For 
each mole of acetoacetate added, 1 mole of hydrogen was consumed and 
almost 1 mole of 8-hydroxybutyrate was formed. These data show quite 
definitely that 8-hydroxybutyrate is the final end-product of acetoacetate 
reduction (equation (6)). 


CHsCOCH:COO- + H: — CH;CHOHCH,COO- (6) 


In view of these results, it seemed very unlikely that acetoacetate is a 
precursor of butyrate. The possibility remained, however, that aceto- 
acetate, though not an actual intermediate, is nevertheless closely related to 
the true intermediate. For example, a phosphorylated derivative might be 
involved. Attempts to obtain a reduction of acetoacetate beyond the £- 
hydroxybutyrate stage by the addition of phosphorylating agents such as 
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inorganic phosphate, acetyl phosphate, or adenosine triphosphate were 
completely unsuccessful. It is worth noting that the rate of acetoacetate 
reduction was not influenced by the presence of inorganic phosphate or 
arsenate (0.025 mo). 

Of particular interest were experiments in which the reduction of mixtures 
of acetyl phosphate, acetate, and acetoacetate was studied. The results 
of one such experiment are presented in Fig. 6. The data show that the 
rate of reduction of a mixture of acetyl phosphate, acetate, and acetoacetate 
was almost exactly the same as the sum of the rates observed for a mixture 


TABLE V 
Reduction of Acetoacetate to 8-Hydrorybutyrate 
Each Warburg vessel contained 0.04 m veronal buffer, 20 mg. of cell-free extract 
(Lot D), and the indicated amounts of acetyl phosphate and acetoacetate. The total 
liquid volume was2.0 ml. Thesamples were incubated (26°) in a H2 atmosphere until 
no further hydrogen uptake occurred (5 hours). 























| l 
Acereiial ” | Acetyl P, initial -H: ——* | peo | ‘eae 

pM pM pM uM uM | uM 

21 0 22 1.7 | 19.3 18.6 

21 0 22 1.6 | 19.4 | 23.0 
9.5 0 10.5 | 7.6 
9.5 9.4 21.5 7.4 
0 0 Ot 0.46 | | 0.35 








* Estimated by the method of Behre and Benedict (2,3). The experimental values 
were multiplied by the factor 1.33 to correct for incomplete recovery of the B- 
hydroxybutyrate as acetone (20). 

{ The data for H; uptake have been corrected for the Hz: consumed (4.4 uM) in 
the sample containing no added substrate. 


of acetyl phosphate and acetate, and of acetoacetate alone. This result 
indicates that the enzyme involved in the reduction of acetyl phosphate 
and acetate to butyrate is different from that which catalyzes the reduc- 
tion of acetoacetate. It is quite clear, therefore, that acetoacetate is not 
a normal intermediate in the synthesis of butyrate. 

In view of the fact that acetoacetate is readily decomposed to acetyl 
phosphate and acetate, it may seem strange that in the foregoing experi- 
ments acetyl phosphate and acetate were reduced to butyrate, while 
acetoacetate was not. In this connection it should be pointed out that all 
of the above experiments were done at pH 8.0. At this pH the reduction 
with H, is rapid, whereas the phosphoroclastic splitting of acetoacetate 
does not occur. 

Tracer Studies on Reversibility of Phosphoroclastic Decomposition of 
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Acetoacetate—The above experiments show that acetoacetate is readily 
reduced to 8-hydroxybutyrate in a hydrogen atmosphere and that the 
enzyme catalyzing this reduction apparently is not identical with that 
catalyzing the reduction of acetyl phosphate and acetate to butyrate. 
Therefore, if acetyl phosphate and acetate are readily converted to aceto- 
acetate, one would expect that the incubation of these substances in a 
hydrogen atmosphere would lead to the accumulation of appreciable 
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Fic. 6. The reduction of acetoacetate and acetyl phosphate by H:. Each War- 
burg vessel contained 0.03 m veronal buffer (pH 8.1), 20 mg. of cell-free extract (Lot 
D), 150 uM of acetate, and where indicated 10 uM of acetoacetate and 10 um of acetyl 
phosphate. The total liquid volume was 2.0 ml. The gas phase was H:. The sub- 
strates were dumped from the side arms after the enzyme preparation was saturated 
with H: (about 50 minutes). 





amounts of §-hydroxybutyrate. This did not occur. In the reduction of 
acetyl phosphate and acetate, practically no 8-hydroxybutyrate was formed. 
Instead, there was an almost quantitative conversion of the acetyl phos- 
phate to butyrate (18). 

These results indicate that the phosphoroclastic decomposition of aceto- 
acetate is not rapidly reversible. There remains the possibility, how- 
ever, that acetyl phosphate and acetate are converted to an as yet unidenti- 
fied C, compound, which under highly reducing conditions is preferentially 
reduced to butyrate, but which in the absence of a hydrogen donor (H) 
is converted to acetoacetate. 


Acetyl phosphate + acetate +; Compound c * acetoacetate 
fn 
Butyrate 
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In view of these considerations, the reversibility of the phosphoroclastic 
decomposition of acetoacetate was studied by the isotope technique. 

Phosphoroclastic Decomposition of Acetoacetate in Presence of C*-Labeled 
Acetate—Acetate equally labeled in both the methyl and carboxy! groups 
with C™“ was incubated in an evacuated Thunberg tube with the enzyme 
and unlabeled acetoacetate in the absence of a hydrogen donor. Samples 
were adjusted to pH 6.5, at which the phosphoroclastic decomposition of 
acetoacetate is rapid, and to pH 8.1, at which little or no decomposition of 


TABLE VI 
Incubation of Acetoacetate with Doubly Labeled Acetate 
Each Thunberg tube contained 50 mg. of dried cells (Lot I), 200 um of inorganie 
phosphate, acetate equally labeled in the methyl and carboxyl group with C™ (17,600 
counts per minute), and the indicated amounts of acetoacetate, acetate, and acetyl 
P. The samples were incubated at 26° for 70 minutes. 









































Se Acetoacetate Acetate | Acetyl P | pit pene mapper beso 
ed a eet Seek eprom 
*,? . *,: *,* . eo- ox y , , 
Initial Final Initial Initial Final retical® art | Pe. 
uM uM uM BM pM ia, 
1 6.5 135 121 37 32 § 26 0.13 0.17 
2 6.5 135 103 9 0 25.4 31 0.8 § 
3 8.1 157 181 37 32 21 20 0.19 | 0.06 
* Calculated on the assumption that there was a complete equilibration between 


. * + +. ¥ * * 
the acetate, acetyl P, and acetoacetate. CH;COOPO," + CH;COO- s CH;COCH; 


* 
COO- + HPO-. 

+t Determined by measuring the radioactivity of the CO.evolved by decomposition 
of acetoacetate with aniline acetate. 

t Estimated by measuring the radioactivity of the 2,4-dinitrophenylhydrazone of 
the acetone liberated when acetoacetate is decomposed with aniline acetate. 

§ Not determined. 


acetoacetate occurs (Fig. 2), but where acetyl phosphate and acetate 
are readily reduced to butyrate. Also, since acetate apparently inhibits 
the decomposition of acetoacetate, samples were prepared with both a 
relatively high and a low acetate level. After incubation, the acetoacetate 
was decomposed by the addition of aniline acetate and the C“ content of 
the carboxyl carbon atom and of the a-, 8-, and y-carbon atoms was deter- 
mined as previously described. 

The results (Table VI) show that only very small amounts of isotopic 
carbon were incorporated into acetoacetate. At the higher acetate level 
(Samples 1 and 3) the isotope content of the residual acetoacetate was less 
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than 1 per cent of that theoretically possible, assuming that complete 
equilibrium existed among acetoacetate, acetyl phosphate, and acetate.® 
A somewhat greater C™“ content (2.6 per cent of theoretical) was found 
in the acetoacetate of Sample 2, Table VI, to which only a small amount 
of acetate and no acetyl phosphate were added initially. The formation 
of acetyl phosphate (25 um) during the incubation of Sample 2 reflects a 
comparable decrease in the concentration of acetoacetate and shows that 
the enzyme responsible for the phosphoroclastic decomposition of aceto- 
acetate was active. 

The small but significant amounts of isotopic carbon found in both the 
carboxyl group and in the carbonyl residue of the acetoacetate show that 
a slight conversion of acetate to acetoacetate did occur. Nevertheless, 


TaBLe VII 
Oxidation of Carboryl-Labeled Butyrate in Presence of Acetoacetate 
The Warburg vessel contained 0.1 m inorganic phosphate (pH 8.1), 50 mg. of dried 
cells (Lot I), and the indicated amount of acetoacetate and carboxyl-labeled buty- 


rate. The sample was shaken in air at 26° until oxygen uptake had ceased 
(85 minutes). 

















j ha ae 
Acetoacetate* | Cin carboxyl 
Carboxyl-labeled | C™ content of Ove | 
en ses ptake sche acacenstocol: 4 
butyrate, initial | butyrate added Initial ; Final | acetoacetatet 
uM = —- pe pM uM — per min. 
eT er uM 
37 | 1390 38 157 | 135 0.18 











* Determined manometrically by aniline acetate decomposition (11). 
+t Determined by measuring the radioactivity of CO. evolved when acetoacetate 
is decomposed with aniline acetate. 


the obvious conclusion is that the phosphoroclastic decomposition of 
acetoacetate to acetyl phosphate and acetate is not readily reversible. 
Oxidation of Carboxryl-Labeled Butyrate in Presence of Acetoacetate—The 
foregoing experiment proves that acetyl phosphate and acetate are not 
readily converted to acetoacetate and thus confirms the previous con- 
clusion that acetoacetate is not an intermediate in the synthesis of butyrate. 
The possibility still remained, however, that the oxidation of butyrate 
occurred by a path which was not identical with that involved in the syn- 
thesis of butyrate, and that acetoacetate might therefore be an inter- 


* A rapid equilibration of acetate and acetyl phosphate is indicated by results 
obtained in isotope experiments on the synthesis of butyrate from ethanol and 
labeled acetate (1), and by the observation that a rapid transphosphorylation 


occurs between acetyl phosphate and propionate (unpublished results, Stadtman 
and Barker). 
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mediate in the oxidation of butyrate. To test this possibility an experi- 
ment was made in which butyrate, labeled in the carboxyl group with 
C", was oxidized in the presence of acetoacetate. When oxidation of the 
butyrate was complete, the residual acetoacetate was decomposed with 
aniline acetate and the isotope content of the carboxyl group was meas- 
ured as in the preceding experiments. The results (Table VII) show that, 
although the butyrate was completely oxidized to acetyl phosphate and 
acetate (1 mole of oxygen was consumed per mole of butyrate added 
(17)), practically none of the C™ entered the acetoacetate. This proves 
conclusively that acetoacetate is not a normal intermediate in the oxidation 
of butyrate. 


DISCUSSION 


The phosphoroclastic decomposition of acetoacetate to acetyl phosphate 
and acetate, previously postulated by Lipmann (15), has now been shown 
to be catalyzed by enzyme preparations of C. kluyveri. The reverse reac- 
tion, i.e. the conversion of acetyl phosphate and acetate to acetoacetate, 
was found not to occur to any appreciable extent. Thus only trace 
quantities of a B-keto acid were produced when acetyl phosphate and 
acetate were incubated with the enzyme preparations. The relatively 
non-reversible nature of the reaction was further demonstrated by the 
fact that during the phosphoroclastic decomposition of acetoacetate in the 
presence of labeled acetate scarcely any of the isotopic carbon was in- 
corporated into the acetoacetate. 

The situation is therefore the reverse of that encountered in animal 
systems where it has been found that acetate, in the presence of a suitable 
oxidizable substrate such as pyruvate (13) or a fatty acid (14, 22), is readily 
converted into acetoacetate, whereas the reverse splitting of the aceto- 
acetate to acetate occurs to a very limited extent (12) or not at all (4). 

Since it has been shown that acetyl phosphate and acetate are normally 
reduced to butyrate by the enzyme preparations of C. kluyveri, the failure 
to obtain a synthesis of acetoacetate from these substrates can be regarded 
as evidence that acetoacetate is not a normal intermediate in the synthesis 
of butyrate. This conclusion is further verified by the finding that aceto- 
acetate can be reduced only as far as 6-hydroxybutyrate under conditions 
in which acetyl phosphate and acetate are reduced all the way to butyrate. 
Furthermore, evidence is presented showing that different enzymes are 
involved in the reduction of acetyl phosphate and acetate to butyrate and 
of acetoacetate to 8-hydroxybutyrate. 

The precise manner in which acetoacetate is decomposed to acetyl! phos- 
phate and acetate is still undetermined. It may be decomposed directly 
to these substances or it may first be converted to a 4-carbon compound 
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(Compound c, Scheme I) on the main pathway to butyrate synthesis. In 
either event the conversion is relatively irreversible. 

The reduction of acetoacetate to 6-hydroxybutyrate, as shown by Scheme 
I, is apparently off the main pathway of butyrate synthesis, and in this 
respect is comparable to the corresponding reduction observed in animals 
(6, 9, 10). 


+4H 





Acetyl P+ acetate ; Compound c —————— butyrate + H,PO, 
KR J (I) 
: +2H 


acetoacetate ———— 8-hydroxybutyrate 


Since the phosphoroclastic decomposition of acetoacetate is essentially 
irreversible, it is difficult to account for the fact that the decomposition is 
incomplete. Generally, the decomposition ceases long before the substrate 
is used up. It has been shown that the hydrogen ion concentration and 
the acetate concentration are among the factors influencing the extent of 
decomposition. Beyond this, however, nothing is known about the nature 
of the inactivation involved. One explanation that seems feasible for the 
moment is that the acetyl phosphate and acetate produced in the 
decomposition of acetoacetate recombine to form another 4-carbon com- 
pound that competes with the acetoacetate for the enzyme involved in the 
decomposition of the latter. That a 4-carbon compound other than 
acetoacetate (corresponding to Compound c in Scheme I) is produced from 
acetyl phosphate and acetate appears probable in view of the fact that 
these substances are reduced to butyrate. Whether or not this postulated 
substance can effectively compete with acetoacetate for the enzyme causing 
the decomposition of the latter has yet to be demonstrated. 


SUMMARY 


It has been shown that enzyme preparations of Clostridium kluyveri 
catalyze the phosphoroclastic decomposition of acetoacetate to acetyl 
phosphate and acetate. 

When the phosphoroclastic decomposition is allowed to occur in the 
presence of doubly labeled acetate (C'4H;C“OONa), practically no iso- 
topic carbon is incorporated into the acetoacetate. The decomposition 
of acetoacetate appears therefore to be essentially irreversible. 

When carboxyl-labeled butyric acid is oxidized completely to acetyl 
phosphate and acetate in the presence of inactive acetoacetate, almost 
no isotopic carbon is incorporated into the acetoacetate. Therefore, 
acetoacetate is not an intermediate in the oxidation of butyrate. 

In a hydrogen atmosphere, acetoacetate is reduced almost quantitatively 
to 6-hydroxybutyrate; little or no butyrate is formed. Under these same 











1186 FATTY ACID SYNTHESIS BY C. KLUYVERI. IV 


conditions acetyl phosphate and acetate are reduced all the way to butyrate, 
Acetoacetate therefore cannot be an intermediate in the synthesis of 
butyrate by C. kluyvert. 


22. 
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STUDIES ON THE HAZARD INVOLVED IN USE OF C* 
I, RETENTION OF CARBON FROM LABELED SODIUM BICARBONATE* 


By HOWARD E. SKIPPER, LOCKE WHITE, Jr., ann CARL E. BRYAN 


(From the Southern Research Institute, Birmingham, Alabama) 
(Received for publication, March 11, 1949) 


The entrance of carbon from carbon dioxide into both the organic and 
inorganic metabolic pathways has been well established (1—6).!. This 
fact coupled with knowledge of the half life of C' (approximately 5000 
years) has led to considerable concern regarding hazard to persons utiliz- 
ing this useful isotope. Information as to the degree and duration of 
tissue exposure following the intake of compounds labeled with C" is 
required if the hazard accompanying the use of this isotope is to be prop- 
erly assessed. The degree and duration of tissue exposure to the 8-par- 
ticles from C“ are dependent on concentration (dosage and distribution) 
and turnover, both of which are in turn dependent on the carbon-utilizing 
metabolic system involved and its dynamic state. Tissue exposure 
data can best be obtained by following the quantitative gross distribution 
and turnover of C from variously labeled inorganic and organic mole- 
cules over extended periods. 

Bloom, Curtis, and McLean (5) showed by means of autoradiographic 
techniques that the bones of rats injected with BaC“O; or NaHCO; 
(75 to 100 ue.) retained activity at 16 weeks. Sections of liver and kid- 
ney were reported by the above authors to give fairly intense autoradio- 
graphs at 3 days and 2 weeks, but were negative after longer intervals. 

Armstrong, Schubert, and Lindenbaum (6) in studies of the distribu- 
tion of radioactive carbon administered as carbonate have measured the 
rate of excretion in the expired air, urine, and feces and the retention in 
various organs, bones, and teeth at 6 days and in certain important chemi- 
cal constituents at 6 and 40 days. 

Brues and Buchanan (7) investigated the over-all CO, metabolism of 
tissues and animals and observed that inhaled C“O, is absorbed very 
efficiently and is lost at a rate comparable to that of its intake. They 
suggest that such an equilibration rate probably holds with regard to 


* This work was carried out for the Atomic Energy Commission under a contract 
with the Office of Naval Research. Certain data reported herein were obtained in 
experiments carried out under a grant from the American Cancer Society on recom- 
mendation of the Committee on Growth of the National Research Council. 

' Unpublished data, this laboratory. 
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incorporation of C“O, in compounds in a steady state, but not in the case 
of growing tissue or when exposure is continuous over a long period. 
The present experiments, although repetitious in certain respects, have 
been designed to obtain quantitative data on C™OQ, fixation, from which 
tissue, organ, and body exposure can be calculated if the dosage is known, 


EXPERIMENTAL 


A radioactive sodium bicarbonate solution was prepared by the method 
of Evans and Slotin (8), which involved passage of C™“O, liberated from 


TABLE I 
Rate of Excretion of C'* Following Injection of NaHC0;* 























p oe ss Cumulative per cent of 
Period Speci activity of [Per gent of total injected) Total radioactiviy 
ee oe a 
min, | 
0-10 13,770 66 66 
10-20 3,603 16 82 
20-30 1,750 6.2 88.2 
30-60 500 4.6 92.8 
hrs. | 
1- 2 84 1.3 94.1 
2- 4 24.4 | 0.65 94.75 
4- 6 | 11.2 | 0.26 95.01 
6-12 | 5.6 | 0.44 | 95.45 
12-24 | 4.8 | 0.59 | 96.09 
24 hr. composite | 115.1 1.35 | 97 .39 


urine sample 





* Average data obtained on two 23 gm. male mice, CFW strain. 
+ Specific activities in microcuries per mole of carbon. 


BaC*O; into an equivalent amount of N sodium hydroxide. The solu- 
tion thus prepared had a concentration of 2.5 mg. of NaHCO; per 0.2 
ml. and a specific activity of 600 mc. per mole of carbon. Thus, 0.2 ml. 
of this solution contained 18 ue. of C™. 

Mice were injected intraperitoneally each with 0.2 ml. of this solution 
and immediately placed in a metabolism chamber. Data on the clearance | 
of C“ by the respiratory and the urinary routes are presented in Table |. 
The details of the procedures used in the collection of expired carbon 
dioxide and determination of C™ content have been described recently 
(9). 

This information on rate of clearance of the principal portion of bicar- 
bonate C™ has been plotted along with results obtained by Armstrong 
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e@ Case et al. (6), who, using Na,C“O;, obtained a very similar curve with the 
d. rat (Fig. 1). 
, have In order to determine the chemical state of the C" in blood of mice 24 
which hours after injection with NaHC“O,;, blood samples were assayed for 
nown, eo 
100 . ae 
a ——— —O 
nethod a 80 
1 from “ 
re) 0 @PRESENT DATA. AVERAGE 
_ OF TWO MICE INJECTED LP. 
o WITH NAHG'*0, (i8 LIC IN 2.5 MG). 
a - Tae OARMSTRONG, SCHUBERT, AND 
ta > LINDENBAUM(6). RAT IN- 
a = 20 JECTED I.P. WITH NA,C'*0, 
| “ (374 UG IN 17 MG). 
re) fl 1 1 l 1 l 
I 2 3 4 5 6 
HOURS 
Fia. 1. Rate of loss of CO: by the respiratory route 
‘ TABLE II 
9) 
1 Investigation of Fixed C'* Content of Mouse Blood 24 Hours after Injection of 
5 NaHC0, (18 ye. in 2.5 Mg.) 
9 Specific activity of blood* 
9 Animal No. | Relative activity, 
Untreated Treatedt __ treated _ 
| untreated 
38t 0.37 0.30 | 0.81 
52 0.57 0.55 0.96 
53 2.24 1.94 0.87 
1e solu- 54 2.67 2.56 0.96 
per 0.2 f TORY RS: ; 
9 ml Specific activity in microcuries per mole of carbon. 
Q.2 mi. + 1 N acetic acid added to sample, followed by 24 hour vacuum treatment (1 mm. 
of Hg). This column represents fixed or non-carbonate C™. 
solution t Akm mouse with spontaneous leucemia. 
learance | ; ph 
Table 1 radioactivity after acid-vacuum treatment and compared with untreated 
carbel blood samples. These data are given in Table II. 
recently In studies designed to provide information regarding the degree and 
duration of tissue exposure following administration of NaHC™O,, activ- 
of bicar- ity assays have been carried out on mice 24 hours, 48 hours, 1 week, 


mstrong 2 weeks, 4 weeks, and 3 months after injection. The mice used in these 
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experiments were adult CFW strain animals weighing about 25 gm. and 
about 6 weeks of age at the beginning of an experiment. This strain js 
past its period of rapid weight gain at 6 weeks. The animals were jn. 
jected at the level of 18 ue. each and maintained in a metabolism chamber 








with food and water until sacrificed for distribution assays. Tissues se. | 
lected for study were blood, spleen, kidney, liver, lungs, brain, muscle, 


TABLE III 


Specific Activity* of Tissues and Bone at Various Periods after Injection of 
NaHCO, (18 we.) 





Period after injection 

















Tissue = ees =. 

| 24 hrs. 48 hrs. 1 wk. | 2wks. | 4 wks. 12 wks, 
ee, 0. hd. At BS | 1.09 | 0.40 | 0.25 | 0.35 | 0.11 | 0.10 | 
Spleen | 0.73 | 0.60 | 0.02 0.414 | 0.19 | 
a dbics i 6 cle NO vite | 1.11 | 0.87 | 0.48 | 0.13 | 0.02 | 0.07 | 
| ere ree | 0.78 | 0.83 | 0.21 | 0.16 | 0.05 | 0.01 | 
NS NR ia Nog x ya | 0.57 0.56 0.40 0.09 | 0.09 | 0.02 | 
Brain. . secseseeeeeessee] 0,26 | 0.67 | 0.18 | 0.22 | 0.13 | 0.03 | 
Jejunum dike iiateh ea ain ig 0.97 0.18 | 0.11 | 0.02 
Muscle.......................| 0.75 | 0.31 | 0.27 | 0.03 | 0.07 | 0.08 
Sinead beict............... | 0.21 | 0.49 | 0.55 | 0.15 | 0.14 | 0.08 
MAG ROOM... 5-0. <0. 000s. | 1.01 | 0.81 | 0.38 | 0.28 | 0.11 | 0.10 





* Specific activity in microcuries per mole of carbon. 
t Erratic data probably due to early high activity urine contamination. 


TaBLeE IV 


Specific Activity of Whole Carcass and Fetus of Mouse 24 Hours after Injection with 
NaHCO, (18 yc.) 





Sample Specific activity 





microcuries per mole of C 
ee OCT CET CRETE OTR re 
2 See ge ere EARNERS Ss us. o's!) vb Coe ean 








jejunum, skin and hair, and long bones. A summary of the specific 





activities of these tissues at various intervals after injection of NaHCO; 
is presented in Table III. All activity measurements were made with 
use of tissue oxidation and gas phase counting techniques recently de- 
scribed (9). 

One simple experiment has been carried out comparing the C™ fixation 
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of slow versus rapidly growing tissue. A 4 month-old pregnant Akm 
mouse (13 days after conception) was injected with 18 uc. of C 
as NaHC“O;. 24 hours after injection the animal was taken from the 
metabolism chamber, sacrificed and skinned, and the embryos (six in 
number, weighing a total of 1.53 gm.) were removed. The whole car- 
casses of the mouse and the embryos were homogenized separately in a 
Waring blendor and representative samples of each assayed for activity. 
Additional samples of both homogenates were treated with a few drops 
of 1 m HCl, submitted to vacuum to remove any C™ bicarbonate, and 
then assayed for radioactivity. The results of this experiment are given 
in Table IV. 


DISCUSSION 


From the data presented in Fig. 1 it appears that greater than 90 per 
cent of the CO.-bicarbonate system carbon is turned over in 3 hours. It 
is interesting to note that with use of a different animal and a much lower 
activity, we have obtained a rate of expiration of C“O, curve somewhat 
similar to that reported by Armstrong ef al. (6). It is not surprising to 
observe that at 24 hours after injection of NaHCO; carbon 14 is retained 
in the blood fixed in an organic form. Data from this laboratory and 
many others have demonstrated that CO, enters into fat, protein, and 
carbohydrate metabolism. 

The dynamic principles involved in carbon turnover previously men- 
tioned by Brues and Buchanan are illustrated in the present data. From 
Table III it can be seen that jejunum, a rapidly proliferating tissue, 
picks up and loses carbon from NaHCO; more rapidly than muscle, which 
is, from the mitotic standpoint, in a more steady state, and the rapidly 
growing embryonic tissue exhibited a more rapid uptake of C than did 
the mature parent mouse tissue (Table IV). 

From the information presented in Table III, some assumptions re- 
garding the average mass of certain mouse tissues and fluids (Table V), 
and the percentage carbon of each sample (determined gravimetrically), 
it is possible to calculate the approximate total activity contained in the 
various organs and tissues studied (Table VI). These body retention 
data are plotted in Fig. 2. If the amount of C™ in the body or a portion 
thereof and the average energy of radiation of this isotope are known, it 
is simple to convert tissue or total body activities into Roentgen units or 
rep? (the basis for radiation tolerance calculations). With the assumption 
of even distribution of the isotope, such calculations have been performed 
regarding total body radiation (Table VII). 

Calculations on the total body radiation from fixed C™ derived from 


*1 rep or roentgen-equivalent-physical = 83 ergs per gm. of tissue. 
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NaHCO; tend to minimize the hazard to the experimenter utilizing this 
isotope. The rather sweeping assumption, made in these calculations, 














TABLE V 
General Assumptions on Average Mass of Mouse Organs and Tissues Used 

Per cent of | Per cent of 

Tissue total body Tissue total body 
weight weight 
os arcane: he salons tri Oe remiss ores csi we 1.8 
a a Se a Gee 0.9 | Gastrointestinal tractt. . 10.0 
Es Sng POPES oad ot Hoon s CO | Mameete*............... 41.5 
a cee ni Veni hes thaws 1.6 | Skin and hairf........ nm 13.4 
E9 SpENOC ak vow dyaexs lilt Lg 17.1 








Actual organ or tissue weights have been used in all calculations except in the 
case of blood, gastrointestinal tract, muscle, and skeleton. 

* Extrapolated from man to mouse. 

+ Actual data from a large number of autopsies, this laboratory. 

¢ Data from small number of autopsies, this laboratory. 


TaBLe VI 


Total Activities of Tissues and Bone (in Millimicrocuries) at Various Periods after | 
Injection of NaHCO; (18 wc.) 
































Period after injection 
Tissue aoe oe 
25 hrs. 48 hrs. | 1 wk. | 2 wks. | 4wks. | 12 wks. 
MES Operate ys teerAiaker aes 1.8 | 4.1 2.9 | 3.8 | 1.2 | 14 
AE an Pbk are ee 1.0 1.5 Ol | 10) Oe 
POAT?) ee 18.9 | 11.6 7.9 3.4 | 0.5 1.4 
EE ee ee ee 2.5 3.4 1.1 0.8 | 0.1 0.05 
an hace ha ais ch whee wri 2 0.8 1.0 0.8 0.1 | 0.2 |] 0. 
ae hiedee ai eesas shes 0.9 2.6 0.8 10 | 06 | 0.1 
Gastrointestinal tract..... 53.6 23.8 3.8 3-04 
EN hy ay sa Slee Readiciers 99.6 40.1 37.5 4.3 ye 6.7 
MATE UBAT 65 oo 5 divas. 80: 5.50 11.9 41.0* | 41.:3* Tet | 8.4 6.0 
aa os arya ie 44.8 39.8 16.2 13.1 | 4.7 4.9 
Total activity.............. 245.8 | 168.9 | 112.3 | 36.5 | 24.2 | 21.1 
% of total dose injected....| 1.37 | 0.94 0.62 0.20; 0.13 0.12 








18 yue., if all retained, would give a total energy of 4600 ergs per day (1 rep = 0.08 
ergs per mg.); (4600/0.083) = 55,420 r. (total possible); (55,420/25,000) = 2.22 
rep. 

* These figures appear to be out of line, probably because of dried urine contamina- 
tion. 


of even distribution of C“ throughout the body has some basis in fact 
from a gross anatomical standpoint for the periods studied (Table III), 
but further investigations are required to rule out the possibility of selec- 
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CARBON RETENTION BY MICE 

INJECTED WITH NAHG'*0, (18 UC) 

O BY DIFFERENCE (FROM RESPIRATORY 
DATA) 

® CALCULATED FROM ORGAN AND 
TISSUE ACTIVITIES 


HR OHR 4HR 6HR 








BNR 24HR geue wk 
0 i Lt pal A — aa eee 1.3 
10 100 MINUTES 1,000 10,000 
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Fic. 2. C4 retention by mice injected with NaHCO, 


TaBLeE VII 
Body Radiation of Mice Injected with NaHC40,; (18 uc.) 





Body C" content (integrated) Body radiation 


























| 
| 
Period = | 
| Microcuries at. ota rep per period ee rep 
0-60 min. 4.3 23.6 0.0250 
1-2 hrs. 1.12 6.2 0.0058 
2-4 « 1.00 5.6 0.0104 
4-6 “ 0.92 5.12 0.0090 
6-12 “ 0.86 4.77 0.0266 
12-24 hrs. 0.54 2.93* 0.0333 
0-24 « | 0.87 4.80 | 0.110 0.110 
24-48 } 0.21 1.15 | 0.053 0.027 
1-7 days | 0.18 1.00 | 0.1828 0.022 
7-14 “ | 0.07 0.41 | 0.0636 0.009 
2-4 wks. | 0.08 0.16 | 0.0496 0.004 
4-12 “ | 0.02 | 0.18 | 0.1613 0.003 





Tolerance dose limits for a 24 hour exposure as set by the Clinton Laboratories = 
0.1 rep. This dose is considered to produce no known effects to man when exposed 
indefinitely. Factor of safety probably no more than 2 or 3 (10). 

* This value is an average of the 12 hour C™ level obtained by difference (100 per 
cent — per cent expired) and the 1.37 per cent found in the tissues at 24 hours. 


tive concentration or slower rate of turnover of C™ in the finer struc- 
tures, 7.e. cell nuclei, chromosomal fractions, etc., where radiation effects 
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are especially important. Data are already available showing a slower 
rate of turnover of C™ in bone shaft than in other fractions of the bone 
(5). Experiments are under way in which C* fixation is being studied 
in certain cellular elements thought to be related to genetic function, 
It seems probable too that insoluble carbonates and organic C", especially 


in the form of natural metabolites which might enter the metabolic pool | 


before being degraded to C“O2, may present a quite different picture. 
Although a small percentage of the C' from sodium bicarbonate was 
retained over a long period, it can be seen from Table VII that a mouse 


injected at the level of 18 ye. received the tolerance dose for a 24 hour | 


period (0.1 rep) only during the Ist day after injection. The average 
daily exposure for the Ist week was of the order of 0.02 rep. 

If the difference in weight of a mouse and an average man (25 gm, 
versus 70,000 gm.) is taken into account and a linear relationship between 
CO, fixation and blood bicarbonate specific activity is assumed, it would 
appear that about 50 mc.’ of C™ injected as NaHCO; or breathed in 
as CQO, over a short interval would be required to produce a 0.1 rep 
exposure for a single day in a 70 kiloman. This calculation also assumes 


the same non-specific distribution and rate of bicarbonate turnover in | 


mice and man. The latter assumption is probably not valid, perhaps 
requiring some correction downward of the 50 me. figure. However, 
the decrease in average daily body radiation as a result of body compound 
turnover might at the end of a 2 week period provide a 10-fold safety 
factor which should take care of any species difference in bicarbonate 
half life. The above figure is not suggested as a permissible dose. Brues 
and Buchanan’s (7) tentative maximum permissible retained dose for 
man of 30 uc. is a reasonable estimate containing certain safety factors. 
These authors state that in the case of a metabolically inert compound 
in high local concentration a further reduction of this figure might be 
necessary. 
SUMMARY 

1. Studies on the rate of expiration of C'*O, following injection of 
NaHCO; indicated that the biological half life of bicarbonate carbon 
in mice at the time of injection is less than 10 minutes. Greater than 
90 per cent of the total activity injected was lost through the respiratory 
route in 1 hour. 

2. At 24 hours after injection of NaHC"“O; a comparison of the specific 
activity of untreated and acid-vacuum-treated blood showed that most 
of the C™ in the blood was fixed in a non-carbonate form. 


* In 2 years of continuous effort and tracer studies on some 75 mice, this labora- 
tory has used but 5 mc. of C™ and almost all of this can be accounted for in stored 
BaCO; samples. 
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3. No profound localization of C“ from NaHCO; has been observed 
with regard to organs and tissues. However, uptake and turnover were 
more rapid in the jejunum, a tissue having a high mitotic activity, than 
in other tissues studied. The specific activity of whole long bones par- 
alleled that of the blood up to 12 weeks. Bloom, Curtis, and McLean 
have shown localization in the shaft of the bone. 

4. When NaHCO; was injected into a pregnant mouse, the rapidly 
growing embryo tissues were found to fix C™ more rapidly than the 
parent mouse tissues. 

5. Data have been presented showing the retention of C™ from 
NaHCO; in nine tissues, bone, and the total body of mice at 24 
hours, 48 hours, 1 week, 2 weeks, 4 weeks, and 12 weeks. 

6. The body radiation of mice injected with 18 ue. of NaHCO; has been 
calculated to be 0.11 rep per day for the first 24 hours. The average 
daily rep dropped to about 0.003 for the period of 1 to 3 months. These 
calculations were based on the assumption of equal distribution. 
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PERBORATE AS SUBSTRATE IN A NEW ASSAY OF CATALASE* 


By ROBERT N. FEINSTEIN 


(From the Toxicity Laboratory and the Department of Biochemistry, University of 
Chicago, Chicago) 


(Received for publication, May 18, 1949) 


The comparison of catalase activity in different tissues or animals is 
time-consuming and frequently of dubious significance. The commonly 
used (1) temperature of 0-10° for the assay of catalase is less convenient 
than room temperature or the temperature of 37° usually available in 
biochemical laboratories. The rapid destruction of catalase by hydrogen 
peroxide necessitates a series of aliquots, the analyses of which are then 
used for an extrapolation back to zero time. The formation of oxygen 
sometimes leads to difficult and inaccurate pipetting of these aliquots. 
On the other hand, the gasometric determination of catalase (2-6) re- 
quires special flasks and is not adapted to large numbers of catalase as- 
says. Usual methods of catalase assay, moreover, in our hands have 
yielded results which were often very far from linearity with respect to 
enzyme concentration. 

Sodium perborate has been found to serve excellently as substrate for 
catalase, and an assay method has been devised which, in our hands, 
avoids most of the difficulties enumerated above. 


EXPERIMENTAL 


In general, perborate remaining after catalase action has been deter- 
mined by titration with KMn0Q, in the presence of HSQx, exactly as is 
customary in the determination of hydrogen peroxide. Ordinarily a drop 
of 1 per cent MnCl, has been added before titration, to avoid the initial 
lag in decolorization of KMnQ,. The enzyme activity of the incubating 
mixture is halted by the addition of an equal volume of 2 Nn H.SOQy. The 
acid serves also in the subsequent titration. 

Characteristics of Perborate As Substrate—Sodium perborate in aqueous 
solution is readily attacked by catalase to yield oxygen, with a correspond- 
ing reduction in permanganate-reducing ability. Other hyperoxygenated 
salts, viz. potassium persulfate, potassium permanganate, potassium per- 
chlorate, and potassium periodate, did not produce any gas under the 
influence of catalase. 


* The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Chicago 
Toxicity Laboratory. Under the terms of the contract the Chemical Corps neither 
restricts nor is responsible for the opinions or conclusions of the authors. 
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Tetrahydrated sodium perborate, NaBO;-4H;0, forms a saturated solu- 
tion at approximately 1.5 per cent at room temperature. ‘The solid salt 
is relatively stable, but a partial decomposition, if not excessive, is not 
harmful in the assay, since an adequate excess of NaBO; is present, and 
the products of decomposition of NaBO; have not been observed to ex- 
hibit any deleterious effect on the enzyme, although they are stated by 


Sborgi and Nocentini (7) to affect the spontaneous decomposition of | 


NaBO;. Aqueous solutions of NaBO; decompose slowly, depending upon | 


the temperature and the pH. It has been customary to include, 
with each set of catalase assays, a pair of flasks containing perborate and 
buffer as in the test flasks, but with water replacing the tissue or enzyme 
source. These controls are then used as base points from which to calculate 
the perborate destroyed by the enzyme. 

Aqueous solutions of NaBO; are decreased in stability with increase in 
temperature (7, 8). Under the conditions of routine assay, it has been 
found that a solution of NaBO; loses approximately 0.9 per cent of its 


KMn0O,-reducing capacity when maintained at pH 6.8 for 2 hours at | 


room temperature, but loses only 0.3 per cent in the presence of the acid 
used to halt the enzyme reaction (about pH 0.9). 

Destruction of Catalase by Perborate—Like hydrogen peroxide, perborate 
is destructive to catalase. A mixture of the perborate and catalase solu- 
tions (as described below under ‘Assay procedure’”’) was incubated at 
37° for 20 minutes, then divided into two parts. More catalase was 
added to one part, and more perborate was added to the other. The 
amounts added were equivalent to those initially present. It was found 
that in the portion to which more catalase was added further decomposi- 
tion of the residual perborate took place; in that portion receiving addi- 
tional perborate, no further decomposition took place. 

The destruction of the enzyme by NaBO; is not as marked at 37° as is 
the destruction of catalase by hydrogen peroxide, and this is probably 
the reason for the greater consistency with respect to enzyme concentra- 
tion when NaBO; is used as substrate. During a 10 minute incubation, 
increasing the temperature from 0° to 37° caused a 62 per cent increase 
in the enzymatic decomposition of NaBOs, but only a 6 per cent increase 
in decomposition of hydrogen peroxide. 

Effect of pH—Fig. 1 indicates the effect of pH on the decomposition of 
NaBO; by catalase. There appears to be no sharp pH optimum, but 
rather a wide band of optimal activity, ranging approximately from pH7 
to 8. In the actual assay, pH 6.8 has been used, since at this point the | 
non-enzymatic decomposition of NaBO; is slightly lower than at a higher 
pH, while the enzymatic process is at or near the optimum. 

Effect of Buffer—Saturated sodium perborate (about pH 9.9) whet| 
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neutralized to pH 6.8 is itself a fairly strong buffer, although pH 6.8 is in 
the lower part of its buffering range. Although no significant difference 
in assay result was observed in the presence or absence of phosphate 
buffer, the pH was observed to rise slightly in the absence of the added 
buffer. This is unlikely to affect the assay results, since, as noted above, 
the optimum pH range is a broad band. However, since the phosphate 
buffer does no harm to the assay, it was considered desirable to retain it 
and maintain the pH as nearly constant as possible. 

Non-Linearity with Time—Presumably because of the destruction of 
catalase by NaBOs, the enzyme activity continuously decreases with time, 
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Fic. 1. Effect of pH on decomposition of NaBO; 


and it is necessary to select an arbitrary incubation time for the assay. 
Since an isolated assay requires four flasks, and since 1 minute pipetting 
intervals are convenient, a 5 minute period has been selected. At the 
end of the 5 minutes, the reaction rate has already fallen off to approxi- 
mately 10 per cent of the rate of the Ist minute, but since, as noted below, 
the percentage decrease is apparently the same regardless of the initial 
amount of catalase, this seems not to impair the usefulness of the assay 
method. 

Effect of Substrate Concentration—Within certain limits, the total initial 
amount of perborate present is without effect on the amount of perborate 
destroyed. The maximum concentration of substrate is limited by the 








1200 PERBORATE IN ASSAY OF CATALASE 


solubility of the sodium perborate. The lower limit varies somewhat with 
the concentration of enzyme and the time of incubation, but in no tisgue 
or set of circumstances tested did a reduction of 20 per cent in the initial 
amount of substrate affect the assay result. In the case of previously 
untested tissues, this simple procedure may be used as a criterion of ade- 
quacy of substrate. 
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% CONCENTRATION OF PREPARATION TESTED 


Fic. 2. Proportionality of perborate decomposition to concentration of enzyme 
source. Concentrations of enzyme preparations were selected for convenience, and | 
the relative slopes of the various curves ere without significance. The nature and 
100 per cent concentration of the various preparations are as follows: Curve A, 
Armour catalase (technical), 10.0 mg. per ml.; Curve B, rat kidney homogenate, 4.0 


mg. per ml.; Curve C, rat liver homogenate, 2.0 mg. per ml.; Curve D, catalase 
Sarett (Vita-Zyme Laboratories), 2.0 mg. per ml.; Curve E, rat spleen homogenate, 
20.0 mg. per ml. The conditions were those specified under ‘‘Assay procedure.” 


Linearity with Enzyme Concentration—Fig. 2 demonstrates that, under 
the conditions of this assay method, the amount of NaBO; decomposed 
is directly proportional to the concentration of the enzyme, both in crude 
and semipurified catalase preparations. | 

Comparison with Kat. f. Assay Method—Table I presents a comparisot 
of assays performed by the conventional method (1) and by the method 
described in this paper. Two points in particular will be noted from 
Table I: (a) the relative activity of the various tissues and preparations, 
as determined by the two methods, is in approximately the same order, 
and (b) the perborate pairs are generally more consistent, despite dil- 
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tion, than are the Kat. f. pairs. In our hands, the determination of the 
Kat. f. of various crude preparations has frequently been accompanied by 
deviations of several hundred per cent, as indicated, for example, by the 
assay of Armour catalase shown in Table I. This is less a dilution effect 
than a simple lack of reproducibility by the Kat. f. method. 

It should be pointed out in addition that to obtain data for the Kat. f. 
determinations required 3 times the number of pipettings and titrations, 
over twice the incubation time, and considerably more time for calcula- 
tions than to obtain data for the NaBO; method. 


TaBLeE I 
Comparison of Conventional Kat. f. Determination and Perborate Assay Method 














Kat. f. determination Perborate assay 
Enzyme source | — —_—_— ignatloseaintsbaeecaareccalimemiein cia alah 
Dilutions used | Kat. f.* Dilutions used | _Activity* 
‘ a ee coe ec SR ee . ; 
Catalase Sarett (Vita-Zyme 1:1000 | 93 1:1000 0.994 
Laboratories) 1:2000 |, 106 1:2000 | 1.008 
Rat liver homogenate 1:500 | 94 1:500 | 0.814 
1:1000 | 127 1:1000 0.810 
“ kidney homogenate 1:250 50 1:250 | 0.331 
1:500 | 38 1:500 | 0.303 
Armour catalase (technical) 1:1000 | 21 1:200 | 0.273 
1:5000 125 1:1000 | 0.258 
Rat lung homogenate 1:50 | 3.9 1:50 0.053 
1:100 | 4.2 1:100 0.055 
“ spleen homogenate 1:50 5.0 1:50 0.051 
1:100 4.3 1:100 | 0.048 
“ brain homogenate 1:10 0.34 1:10 0.0074 
1:20 0.73 1:20 0.0072 








* Perborate assay activity is expressed as milliequivalents of NaBO; destroyed 
per mg. of wet weight of enzyme source under conditions specified in the text. Kat. 
J. values are here expressed as the monomolecular K values, extrapolated to zero 
time and divided by the gm. of wet tissue. 


Assay Procedure—The substrate is 1.5 per cent NaBO;-4H,0, filtered 
if necessary, and adjusted to pH 6.8 with concentrated HCl. 8 ml. of 
substrate and 1.5 ml. of M/15 phosphate buffer, pH 6.8, are placed in a 
series of four 125 ml. Erlenmeyer flasks. The flasks are weighted with 
large metal washers, covered with small watch-glasses, and immersed in a 
bath at 37°. After 15 to 20 minutes 0.5 ml. of H,O is added to the first 
flask, 0.5 ml. of enzyme source (tissue homogenate, etc.), ordinarily in 
two different concentrations, to the next two flasks, and 0.5 ml. of H.O 
to a fourth flask. After exactly 5 minutes, 10 ml. of 2 Nn H,SO, are added, 
and the flasks are then titrated with standard KMnQ,, about 0.05 nN. In 
the case of many tissues, the necessary dilution is so great that 
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the KMnO,-reducing property of the enzyme source is negligible. In the 
case of those tissues with weak catalase activity (e.g. brain, testis), suffi- 
ciently concentrated homogenates are required to necessitate the deter- 
mination of the KMnO,-reducing property of the tissue. To determine 
this, an additional flask may be used, containing tissue, buffer, and water 
instead of perborate. It has not been found necessary, under any cir- 


cumstance, to filter the incubated mixtures. 


DISCUSSION 


Catalase is considered to be a highly specific enzyme (1). It is doubt- 
ful that the action of catalase on NaBO; refutes this specificity, since it is 
well known (9-12) that perborate in aqueous solution produces some 
hydrogen peroxide, and it is probable that this serves as the actual sub- 
strate. It is, in fact, possible that this is the reason for the more success- 
ful use of NaBO; as substrate, since Morgulis (13) has demonstrated that 
the inactivation of catalase by its substrate is dependent on the concen- 
tration of the hydrogen peroxide; the aqueous NaBO; probably provides 
a constant low concentration of peroxide, which is then acted upon by 
the catalase. At no time has any evidence been obtained that the cata- 
lase activity is limited by the production of hydrogen peroxide 
from NaBQO3. 


SUMMARY 


Sodium perborate is decomposed by catalase. This has been made the 
basis of a method of catalase assay which is rapid and convenient, and 
which yields results that are proportional to the concentration of the 


enzyme. 
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STUDIES ON RIBONUCLEIC ACID* 
I, PREPARATION FROM PANCREAS 
By STANLEY E. KERR anp KRIKOR SERAIDARIAN 


(From the Department of Biochemistry, American University of Beirut, Beirut, 
Lebanon) 


(Received for publication, June 25, 1949) 


In spite of studies extending over some 50 years, beginning with Ham- 
marsten’s preparation of the so called 6-nucleoprotein of pancreas (1), 
there seems to be no agreement among investigators as to the composition 
of the ribonucleic acid (RNA) of animal tissue. Having in mind the 
possibility that various procedures for the isolation of nucleic acid may 
yield different fractions of mixed material actually present in the cell, we 
have first given our attention to the improvement of methods of prepa- 
ration, maximum yield being a chief objective. The procedure described 
below is a step in this direction, yielding 15 to 20 per cent of the RNA in 
the pancreas without subjecting the compound to any drastic treatment. 


EXPERIMENTAL 


The entire procedure is carried out in the cold room. Beef pancreas,}! 
packed in ice at the slaughter-house, is freed from connective tissue and 
fat, ground in an ordinary meat chopper, then weighed and stirred me- 
chanically with 13 volumes of cold 0.14 m NaCl for an hour. The mix- 
ture is centrifuged for 30 minutes at the maximum speed permissible for 
the bottles used, and the residue is extracted in the same way a second 
time. The combined extracts are brought to pH 4.2 (glass electrode) 
by addition of about 0.02 volume of n HCl. 

The acid precipitate, which contains all of the nucleoprotein in the 
extracts, is centrifuged for 30 minutes at maximum speed and the super- 
natant is discarded. The precipitate is removed from the centrifuge 
bottles by shaking with 0.14 m NaCl. The total volume of NaCl used 
should not exceed 800 cc. per kilo of pancreas, about half of it being used 
for the first shaking. While being stirred mechanically, the mixture is 
brought to pH 6.8 to 7.0 by the slow addition of n NaOH (about 25 ce. 
per kilo of pancreas). It is important that at no time should the mix- 
ture become alkaline. Crystalline NaCl (18 gm. per 100 cc.) is added 


* Aided by a grant from the Rockefeller Foundation. 

‘It is convenient to work up a batch of pancreas equal to 0.4 the capacity of the 
centrifuge available. Thus for a centrifuge carrying four 300 cc. cups, 480 gm. of 
tissue may be handled at a time. 
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to make a half saturated (3 Mm) solution, and stirring is continued until 
the salt is dissolved. The mixture is allowed to stand at least 36 hours 
with occasional stirring to permit dissociation of the nucleic acid from 
the protein. The mixture of salt and insoluble residue is adjusted to 
pH 4.2 with n HCl (about 25 cc. per kilo of pancreas) and the precipitated 
protein is removed by filtration through large fluted filters with the help 
of a filter aid (Hyflo Super-Cel). Filtration overnight was required. 

To the salt filtrate containing the nucleinate 3 volumes of 95 per cent 
ethyl alcohol are added with stirring. The acid sodium nucleinate which 
precipitates is separated by centrifugation, then suspended in water (500 
cc. per kilo of pancreas are used) and dissolved by the careful addition of 
N NaOH, alkaline reaction always being avoided. The solution is again 





brought to pH 4.2 by addition of 0.2 n HCl, in order to precipitate con. | 


taminating protein or nucleoprotein.” 

The supernatant is treated with 3 volumes of alcohol to precipitate the 
nucleinate. At this point the recovery is about 25 per cent of the RNA 
in the original pancreas, but the product still contains a trace of protein, 
some of which is not precipitated at pH 4.2 but remains in solution when 
the RNA is precipitated by alcohol. By redissolving the acid nucleinate 
and reprecipitating with alcohol,* a product is obtained which no longer 
responds to the biuret test. It is washed twice with 95 per cent alcohol 
and once with ether, and then dried over H2SO, in vacuo. The yield 
varies from 15 to 20 per cent of the RNA in the pancreas. 

The acid sodium nucleinate obtained by this procedure is a pure white 
salt, easily soluble in water, forming a clear non-viscous solution. The 
diphenylamine (2) and cystine-H2SO, (3) reactions for DNA are negative 





unless samples of at least 20 mg. are tested. Quantitative determinations _ 


by these methods indicate that the preparations may contain from 1 to 
1.9 per cent of DNA, if these reactions are completely specific in the pres- 
ence of such large excesses of RNA. 

Whether the RNA prepared by our procedure is a single compound 
or a mixture of different ribonucleic acids is uncertain. It is completely 


precipitated by MacFadyen’s uranyltrichloroacetic acid reagent as modi | 


fied by Zittle (4). Attempts were made to fractionate it by the procedures 


2 Because of its high concentration some nucleic acid will be carried down with the | 
protein precipitate. We generally discard this but, if desired, it may be recovered by | 


dissolving the precipitate at pH 7 and reprecipitating at 4.2, the supernatant being 
added to the main batch of nucleic acid. 

? Occasionally, when the preparation is nearly pure, alcohol fails to precipitate the 
RNA. Addition of 1 or 2 cc. of saturated NaCl solution corrects this difficulty, 
causing flocculation of the precipitate. 

‘In case further fractionation by the procedures of Levene and Jorpes (5) or 0! 
Chantrenne (6) is desired, the alcohol precipitate should not be dried. 
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of Levene and Jorpes (5) and Chantrenne (6). The latter has shown 
that precipitation with 50 per cent acetic acid alters yeast nucleic acid, 
since on reprecipitation with the same reagent a new fraction of the pre- 
cipitate becomes soluble. By precipitating yeast RNA from solution 
with an equal volume of an acetone-acetic acid mixture (20 per cent ace- 
tone and 40 per cent acetic acid) Chantrenne secured a fraction which on 
reprecipitation was found to be entirely insoluble. On attempting to 
fractionate pancreas RNA with Chantrenne’s reagent we obtained colloidal 
solutions. In a personal communication Chantrenne states that nucleic 
acid prepared from a Danish yeast also gave colloidal solutions with the 
acetone-acetic acid reagent, but this difficulty was avoided by increasing 
the acetone content of the precipitant to 40 per cent. We find, however, 
that this modified reagent also gives colloidal solutions with pancreas RNA. 

A precipitant composed of 20 parts of acetone, 40 of glacial acetic acid, 
and 40 of 0.14 m NaCl, added to an equal volume of pancreas nucleic 
acid solution, gives a flocculent precipitate containing 78 to 86 per cent 
of the nucleic acid. On redissolving the precipitate in water and again 
adding the reagent only 50 per cent of the nucleic acid precipitates. Pan- 
creas RNA is obviously decomposed by the acetone-acetic acid reagent, 
as well as by the acetic acid reagent of Levene and Jorpes (5). 

Approximately 15 per cent of our RNA preparations is a low polymer 
fraction, since 5 volumes of acetic acid precipitate 83.7 per cent of the 
RNA (based on phosphate determinations), the Chantrenne NaCl re- 
agent precipitates 78.8 per cent, and on dialysis in the cold room 16.5 per 
cent of the material is found in the dialysate after 96 hours. 

The so called high polymer fraction prepared by any one of the three 
procedures just mentioned appears to be unstable in aqueous solution 
at room temperature. In an effort to find a procedure for preparing a 
stable high polymer fraction, a single specimen of freshly prepared un- 
dried pancreas RNA was subjected to the several manipulations noted 
below. The distribution of the material on dialysis or precipitation is 
indicated in terms of per cent of total phosphate of the sample immediately 
preceding. 

In the cold room 18.5 per cent dialyzed out in 106 hours, the loss di- 
minishing to negligible amounts in this period. Of the remaining non- 
dialyzable RNA 28.6 per cent became dialyzable on continuation of the 
procedure at room temperature for another 106 hours, the loss again 
diminishing to a negligible quantity. Of the material finally left in the 
cellophane sac only 56.3 per cent was precipitated by the Chantrenne 
NaCl reagent. 

The Chantrenne NaCl reagent precipitated 78.8 per cent. The pre- 
cipitate was redissolved and dialyzed, 25.6 per cent being lost in 60 hours. 
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The non-dialyzable portion was precipitated with 3 volumes of alcohol 
and the precipitate redissolved and again dialyzed, 33.8 per cent being 
lost in 48 hours. 

5 volumes of glacial acetic acid precipitated 83.7 per cent. The pre- 
cipitated fraction was dissolved in water and dialyzed, 27.8 per cent being 
lost. The non-dialyzable portion was precipitated with 3 volumes of 
alcohol and the precipitate redissolved and dialyzed, 32.8 per cent being 
lost in 48 hours. 

The unfractionated RNA was precipitated with 3 volumes of alcohol, 
dehydrated with alcohol and ether, and dried in vacuo, one-half at 100° 
and the other at 20°. Both specimens were then dissolved and dialyzed, 
The specimen dried at 20° lost 11 per cent to the dialysate in 30 hours, 
and from the remaining non-dialyzable material (which was dried) the 
Chantrenne reagent precipitated only 26.2 per cent. The specimen dried 
at 100° lost 18.5 per cent on dialysis, the Chantrenne reagent precipitat- 
ing 26.2 per cent of the dried residue. 

From the above it is evident that none of these procedures is suitable 
for the preparation of a high polymer fraction in the dry state. A possible 
solution of this difficulty may be found by drying in the frozen state, 
Meanwhile it seems advisable that preparations be kept in the cold room 
as finally precipitated by alcohol without drying, if undenatured material 
is desired. 


DISCUSSION 


In the preparation of ribonucleic acid avoidance of contamination with 
desoxyribonucleic acid (DNA) has offered difficulties. Levene and Jorpes 
(5) state that the proportion of DNA may be lowered to less than 1 per 
cent by precipitation with 10 volumes of glacial acetic acid. In ou 
hands this procedure yielded a product containing more than 3 per cent 
DNA. Further, it has been shown by Chantrenne (6) that this method 
of purification causes a change in the character of yeast RNA. Mirsky 
and Pollister (7), taking advantage of the fact that ribonucleoprotein 
(RNP) but not desoxyribonucleoprotein (DNP) dissolves readily in 0.14 
m NaCl, prepared the former from thymus by a procedure similar in 
principle to ours, which we had developed independently.’ Although 
DNP is known to be insoluble in 0.14 m NaCl (7, 9) we regularly found our 
first preparations of RNA from pancreas to contain from 5 to 6 per cent 
of DNA and finally traced the contamination to the use of a high speed 


5 Credit belongs to Bensley (8) for the means of purification of DNP later used by 
Mirsky and Pollister (7). Although Bensley did not recognize the true nature of the 
‘plasmosin’’ which he had isolated, he described clearly its solubility in strong salt 
solution and its precipitation on dilution. 
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mixer for mincing the pancreas. This, we believe, liberates a quantity 
of nuclei and some chromatin threads which remain suspended when the 
extracted tissue is separated by centrifugation, and are consequently 
included with the RNP when this is precipitated at pH 4.2. Mirsky 
and Pollister (7) removed DNP by washing the precipitate with 0.5 m 
NaCl and water, and by two reprecipitations. This time-consuming pro- 
cedure may be avoided if the tissue is merely ground in a meat chopper, 
in which case no DNP is found in the saline extracts. Under the same 
conditions extracts prepared from tissue minced in a Waring blendor con- 
tained 25 per cent of the DNA in the pancreas. An additional reason 
for avoiding reprecipitation of the nucleoprotein is the loss of RNA which 
results. When the nucleoprotein is dissolved at neutrality and repre- 
cipitated at pH 4.2, the acid supernatant is found to contain a considerable 
amount of the RNA. During this process part of the protein is detached 
from the nucleic acid, as shown by the ratio of N:P in the material pre- 
cipitated by alcohol. 

In the preparation of protein-free nucleic acid, separation of the pro- 
tein component offered the greatest difficulty in a procedure otherwise 
very simple. Feulgen accomplished this (10) by digesting the pro- 
tein with trypsin, and by precipitating the RNA with crystal violet. 
Hammarsten (11) obtained protein-free RNA by repeated precipitation 
with CaCl. Jorpes (12) denatured the protein in the crude nucleopro- 
tein precipitate by means of alcohol, then separated whatever protein 
remained by precipitation of the barium salt of RNA from a saline ex- 
tract at pH 6.8. Each of these procedures results in considerable loss 
of RNA. The ease with which RNA separates from its protein when the 
nucleoprotein is dissolved and reprecipitated by acid suggested to us that 
the dissociation might be accomplished more rapidly and completely in 
the presence of strong NaCl solution, as was done by Hammarsten in the 
preparation of protein-free DNA (13). The use of saturated NaCl is in- 
convenient, since it separates together with the RNA in the subsequent 
precipitation by alcohol. Half saturated NaCl, however, is not pre- 
cipitated, and permits the dissociation of the protein with equal ease. 
The process is nearly complete within 6 hours, but protein-free RNA is 
obtained with fewer reprecipitations when the digestion with NaCl is 
continued for 36 to 48 hours. We were unable to remove the protein 
completely from pancreas RNP by the procedure of Sevag et al. (14). 
After shaking at pH 6.8 with a chloroform-amyl alcohol mixture twenty- 
one times for 20 minutes each, the preparation still contained protein. 

It appears that the RNA prepared from pancreas by the procedure 
described above differs from that of yeast in its stability. From yeast 
RNA a stable high polymer fraction may be secured by precipitation with 
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an acetone-acetic acid reagent (6), whereas the corresponding fraction 
prepared from pancreas RNA seems to be depolymerized by this treat- 
ment. Further, the fraction of pancreas RNA found to be non-dialyzable 
in the cold room proceeds to lose a further fraction when dialysis is con- 
tinued at room temperature. Further study of these changes and also 
those caused by ribonuclease will be reported later. 

The composition of pancreas RNA and methods of analysis, including 
determination of the purines and pyrimidine nucleotides, will be discussed 
in the following papers of this series. 


SUMMARY 


A simple procedure is described for the preparation of ribonucleic acid 
from beef pancreas with 20 per cent yield. The method involves extrae- 
tion of the tissue with 0.14 m NaCl, precipitation of the nuclegprotein at 
pH 4.2, dissociation of protein from nucleic acid by means of 3 m NaCl, 
removal of protein at pH 4.2, and precipitation of nucleinate by alcohol. 

Attempts to fractionate the pancreas ribonucleic acid by precipitation 
with 83 per cent acetic acid or with Chantrenne’s acetone-acetic acid re- 
agent resulted in preparations less completely precipitated by the same 
reagents and more readily diffusible. 

About 15 per cent of the material dialyzes through cellophane in the 
cold room, but further dialysis at room temperature results in additional 
loss of material, the non-diffusible fraction presumably being depoly- 
merized. 
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THE SPECIFICITY OF LEUCINE AMINOPEPTIDASE 
II. OPTICAL AND SIDE CHAIN SPECIFICITY* 


By EMIL L. SMITH anp W. J. POLGLASE 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of 
Utah College of Medicine, Salt Lake City) 


(Received for publication, May 11, 1949) 


The enzyme, leucine aminopeptidase, which was first identified by Linder- 
strém-Lang (3), has been assumed to be specific for the hydrolysis of 
peptide bonds involving the leucine carbonyl. This conclusion was derived 
from the observations that enzymes which hydrolyze glycine and alanine 
peptides are less stable than the leucine peptidase (3) and may be readily 
separated by simple purification procedures (4). Since leucinamide, 
leucylglycine, and leucylglycylglycine are hydrolyzed at about the same 
rate, and since the acylated derivatives are resistant to hydrolysis, the 
enzyme was identified as an aminopeptidase which required for its action 
the presence of a free amino group in the substrate (4). It was later 
shown that the free amino group did not have to be adjacent to the sensi- 
tive peptide bond, since the terminal amide bond of glycyl-t-leucinamide 
was split by this enzyme (2). 

In this investigation we have utilized a number of substrates in studying 
the rédle of various factors which determine the specificity of this enzyme. 
The simplest action manifested by leucine aminopeptidase is its hydrolysis 
of t-leucinamide. It has now been found that the enzyme can split other 
aliphatic amino acid amides. This may be represented as a modification 
of R’ in the substrate structure shown where the dotted line indicates the 
hydrolytic action. 

NH 


GHG Nake 
! 


Previous studies indicated that changes in R” appear to have little 
effect on the action of this enzyme, since similar rates are obtained with 
the amide or with dipeptides and tripeptides. Indeed, such a compound 
as L-leucyl-8-alanine is hydrolyzed at about the same rate as the other 


* This investigation was aided by a grant from the United States Public Health 
Service. An abstract of a part of this work has already been published (1). For 
the first paper of this series see Smith and Slonim (2). 
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substrates (5). We have tested the optical specificity towards this position 
by utilizing the diastereoisomers, L-leucyl-L-alanine and L-leucy]-p-alanine, 

The second type of action shown by this enzyme has also been studied 
in greater detail, with compounds of the general structure shown where 
R’ is the isobutyl residue of L-leucine. 


NH, 


| 
R’”’—CH—C—NH—C—C—'—NH; 


| i 
O re (Oo 


Since glycyl-L-leucinamide is hydrolyzed, the following compounds, t- 
alanyl-L-leucinamide, pD-alanyl-L-leucinamide, and §-alanyl-L-leucinamide, 
were studied. In this way, further evidence was obtained concerning the 
essentiality and réle of the free amino group in the action of the enzyme, 


EXPERIMENTAL 


Enzyme Preparations—The source of the preparations used in this in- 
vestigation was hog intestinal mucosa. The fresh washed tissue was 
ground with sand and extracted with several volumes of cold water. The 
extract was then clarified at 2° in a Sharples centrifuge and dried from the 
frozen state.1 The dried powder is an exceedingly stable source of many 
intestinal peptidases and may be kept in the cold for some months with 
no significant loss of activity. For many experiments, the dried powder 
was extracted with 5 to 10 volumes of distilled water and centrifuged. 
This is Preparation A. 

For the purification of leucine aminopeptidase, the dried powder was 
suspended at room temperature in 10 volumes of acetone and extracted 
with occasional stirring for several hours. The suspended material was 
then collected on a Biichner funnel, washed several times with acetone, 
and air-dried. About 35 per cent of the weight of the powder was re- 
moved by this procedure. The acetone-dried powder was then extracted 
with about 8 to 10 volumes of water for several hours. Solid ammonium 
sulfate was added to produce 40 per cent saturation and the precipitate 
was removed by filtration through fluted filters at 2°. To the filtrate, 
ammonium sulfate was added to produce first 60 per cent (Preparation B) 
and then 80 per cent (Preparation C) saturation. These two fractions were 
dialyzed separately at 2° against distilled water until free of sulfate. The 
inactive precipitates were removed and the solutions adjusted with 0.1 
m NaOH to pH 7.5 to 8.0. Preparations B and C may be stored under 
toluene at 2° for some months with little change in activity. 


1 We are grateful to Dr. E. E. Hays and Dr. J. B. Lesh of the Armour Laboratories 
for preparing a number of samples of the dried extract of mucosa for us. 
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Previous preparations of this enzyme made by a similar method from 
fresh mucosa without lyophylizing gave the highest activity in the 40 to 
60 per cent fraction (4). Inthe present instance, it was found that Prepara- 
tion B gave the greater yield of enzyme but a higher state of purity was 
obtained with Preparation C. 

Procedure—The enzyme preparations were incubated with 0.01 to 0.04 
m MnSO, for about 3 hours at 40° in the presence of veronal buffer at pH 
7.8 to 8.0 in order to achieve the maximal activities (4). This solution 
was then added to the buffered substrate solution (0.04 m veronal) for 
subsequent measurement of the hydrolytic reactions. The Mn** concen- 
tration in the test solutions was 0.001 to 0.003 m with the exception of the 
experiments in Table III, where no Mn** was added. The enzyme con- 
centrations given in Tables I to VI are for the final reaction mixtures. 
The substrate solutions were used at 0.05 m, except for the racemic mix- 
tures, which were at 0.1 M. 

Hydrolysis was determined by the measurement of liberated carboxyl 
groups (6). The proteolytic coefficients (C’) were calculated in the usual 
manner from C = K/E, where K is the first order velocity constant ex- 
pressed in decimal logarithms and E£ is the enzyme concentration given in 
mg. of protein N per cc. of test solution. The hydrolysis is given as 100 
per cent for the complete splitting of one peptide bond. 

Substrates—The following compounds were prepared as previously 
described: L-leucinamide (2), L-alaninamide (5), glycinamide (7), L-alanyl- 
glycine (8), and glycyl-t-leucine (9). pv-Leucylglycine and p-leucyl-t- 
tyrosine were commercial preparations obtained from Hoffmann-La Roche, 
Inc. The synthesis of the following compounds will be presented elsewhere 
(10): u-leucyl-L-alanine, L-leucyl-p-alanine, t-alanyl-t-leucinamide, p- 
alanyl-L-leucinamide, §-alanyl-L-leucinamide, t-leucyl-L-alaninamide, and 
L-alanyl-L-leucine. 

DL-Norleucinamide Hydrochloride—This was prepared by the direct 
amidation of 12.7 gm. of pui-norleucine methyl! ester hydrochloride (m.p. 
122-123°) in 120 ce. of saturated anhydrous methanol-ammonia at 0°. 
After 40 hours in a pressure bottle at room temperature, the solution was 
concentrated in vacuo; the product crystallized on addition of ether. 
Yield, 8.0 gm. The compound was recrystallized from methanol-ethyl 
acetate; m.p. 234-235° with decomposition. 


C.Hi,;ON2Cl (166.7). Calculated, N 16.8; found, N 16.9 


DL-Norvalinamide Hydrochloride—This was prepared from 7.0 gm. of the 
methyl ester hydrochloride (m.p. 116-117°) as described above. Yield, 
4.7 gm; m.p. 240° with decomposition. 


CsH,,0N,Cl (152.6). Calculated, N 18.4; found, N 18.4, 18.3 
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DL-a-Amino-n-butyramide Hydrochloride—This was prepared from 6.0 
gm. of the methyl ester hydrochloride (m.p. 150-151°) as described above. 
Yield, 4.3 gm; m.p. 222-223°. 


C,H,,ON2Cl (138.6). Calculated, N 20.2; found, N 20.4 


Carbobenzoxy-L-tryptophanamide—10 gm. of carbobenzoxy-L-tryptophan 
(11) were dissolved in 125 ec. of methanol and esterified three times at 0° 
with anhydrous HCl after concentrating repeatedly to dryness each time 
with methanol. The syrupy ester was then allowed to stand at room 
temperature for 40 hours in methanol previously saturated with ammonia 
at 0°. On repeated concentration with methanol, the compound crystal- 
lized and was collected with ether. Yield,7.9 gm. After recrystallization 
from absolute ethanol, the melting point was 187-188°. 


C;9H1903N3. Calculated. C 67.6, H 5.7, N 12.4 ; 
337.4 Found. “Ga, te," iS 


L-Tryptophanamide Hydrochloride—This was prepared by reduction of 
1.0 gm. of the carbobenzoxy derivative in 30 cc. of methanol with 0.3 ce. 
of concentrated HCl and a palladium catalyst. After 1 hour, the catalyst 
was filtered off, the pink filtrate was concentrated to about 10 cc., and 
ether was added. The precipitate was dissolved in 50 cc. of 70 per cent 
ethanol and decolorized with norit A. The filtered solution was con- 
centrated to 4 cc. and ethanol and ether were added. The compound 
crystallized in rectangular plates. Yield, 0.36 gm.; m.p., 257—260° with 
decomposition. 


[a]> = +24° (1.6% in water) 


This compound was also prepared by direct amidation of 5.0 gm. of 
L-tryptophan methyl ester hydrochloride as described above for pu-norleu- 
cinamide hydrochloride. After removal of the methanol-ammonia by 
repeated concentration in vacuo, the compound crystallized from methanol- 
ether. Yield, 3.25 gm. It was recrystallized from methanol-ether. 


; C1,H;,0N;Cl. Calculated. C 65.1, H 5.9, N 17.5 
239.7 Found. ee neal SC a i Be! 
[a]> = +24° (1.1% in water) 


p-Leucinamide Acetate—We are indebted to Dr. William H. Stein of the 
Rockefeller Institute for Medical Research for this compound and the 


description of its properties. This substance was prepared by the same 
procedure as described for the analogous L compound (12); m.p., 128-129° 


CsH:s0;Nz. Calculated. C 50.5, H 9.5, N 14.7 


190.2 Found. "GEO 'OS, * 14.6 
la]>D = —9.2° (5% in water) 
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Behrens and Bergmann (12) reported +9.25° for L-leucinamide acetate. 
Smith and Slonim (2) found +9.5° for the hydrochloride. 


Results 


Action on Amino Acid Amides—Table I shows the results for the action 
of Preparations B and C on certain amino acid amides. In each instance 
the hydrolysis followed the kinetics of a first order reaction within the pre- 
cision of the measurements (+5 per cent) to at least 70 to 80 per cent of 
completion. For the racemic compounds, no evidence was obtained for 


TaBLe [ 
Hydrolysis of Amino Acid Amides by Leucine Aminopeptidase 
Each proteolytic coefficient (C) represents the average of two independent runs. 


Preparation B Preparation C 











Substrate Enzyme a Enzyme : 
concentae- | Cc mae concentre- e | ae 
| 7 f ape | per cent | me | semeg | | per cent 
L-Leucinamide.......... 0.0117 | 0.18 | 100 0.00072 | 3.1 | 100 
pu-Norleucinamide......| 0.0117 | 0.18 100 0.00072 | 3.2 | 103 
pL-Norvalinamide.......| 0.0117 | 0.14 78 0.00072 | 2.5 | 81 
pi-a-Amino-n-butyr- | 0.0235 | 0.071 40 0.00072 | 1.5 48 
amide 
u-Alaninamide.......... | 0.353 | 0.011 6.1 | 0.0086 | 0.20 6.5 
Glycinamide............ | 0.353 | 0.00064; 0.35 | 0.0086 | 0.010 0.32 
L-Tryptophanamide.....| 0.117 | 0.014 | 7.8 | 0.0029 | 0.80 | 26 


the splitting of the p-amino acid amide. Moreover, tests with p-leucin- 
amide, p-leucylglycine, and p-leucyl-L-tyrosine showed that these com- 
pounds are completely resistant to the action of the aminopeptidase, 
even at high enzyme concentrations. It was also found that the pres- 
ence of an equimolar amount of p-leucinamide had no effect on the rate 
of hydrolysis of the L isomer. Therefore, it appears that the rates of 
hydrolysis observed for the racemic mixtures reflect the true rates for 
the L compounds alone. 

Although Preparation C has a specific activity about seventeen times 
greater than that of Preparation B, the relative rates for all of the aliphatic 
compounds are the same within the precision of the measurements. How- 
ever, with L-tryptophanamide the relative rates for the two preparations 
are significantly different. While it cannot be decided from the present 
evidence whether leucine aminopeptidase possesses any action on the 
aromatic compound, there can be little doubt that there is present in these 
preparations a distinct enzyme which hydrolyzes L-tryptophanamide. 
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The data in Table I suggest that the various aliphatic amides are all 
hydrolyzed by the same enzyme. This assumption has been tested 
further by the use of the crude Preparation A. Some experimental diffi- 
culties were experienced in using Preparation A with the compounds that 
are slowly hydrolyzed, since the crude preparation shows some autol- 
ysis during the time required for significant hydrolysis to occur. Satis- 
factory data could not be obtained for the splitting of glycinamide; the 
results for the other compounds are given in Table II. It is apparent that, 
while the data are not too precise, the extent of purification (over 200-fold) 
is about the same for all of the compounds. 

Since it is well known that leucine aminopeptidase is strongly activated 
by Mn** (4, 13), a further test of the identity of the various actions can 











TABLE II 
Hydrolysis of Amino Acid Amides by Preparation A 
| | Enzyme at | a. >- Activity in 
— | centration | . nes ho & 
o— N per cent 
SII te od iidn x kOe pias vane acs 0.114 | 0.015 0.5 
pu-Norleucinamide...................... , 0.114 | 0.010 0.3 
PH PPORWARIMMMITICIO. 5 occ iw cbc cs tea c ec san 0.284 | 0.012 | 0.5 
pL-a-Amino-n-butyramide.............. ..| 0.284 | 0.0057 0.4 
MUMMIES 21505 0.455 ch iscincvo sesso v ave's.b.2 ws 400s 0.568 | 0.0016 0.8 








be made by determining the relative extent of activation for the different 
amides. The rates of hydrolysis of glycinamide and L-alaninamide in the 
absence of added Mnt** were too slow to be reliable. The proteolytic 
coefficients for the other compounds are shown in Table III, together with 
the percentage of activity as compared to the data for the fully activated 
preparations given in Table I. It is apparent that the rates of hydrolysis 
of all of the amides are increased by the addition of Mn**, and that in 
each case the activity is about 15 per cent of that given by the fully acti- 
vated preparations. 

Thus, the present evidence is in accord with the assumption that all of 
the aliphatic amino acid amides are hydrolyzed by the same enzyme, since 
the relative activities are about the same for preparations at three different 
states of purity, and since the hydrolysis of these compounds is influenced 
in the same manner and to the same relative extent by the addition of 
Mn, 

Optical Specificity of Peptide Hydrolysis—Leucine aminopeptidase shows 
an absolute optical specificity towards amides or peptides, since the 
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residue bearing the free amino group must be of the L configuration. 
These data are shown in Table IV. Previous results had also shown that 
p-leucylglycine is resistant to the aminopeptidase (4). Table IV also 
shows the results obtained when the optical configuration of the residue 
possessing the peptide nitrogen has been altered. Comparison of the 
rates of t-leucyl-L-alanine and L-leucinamide shows that the two com- 
pounds are hydrolyzed at about the same velocity. This was not unex- 
pected, since L-leucylglycine is also hydrolyzed at the same rate as the 
amide. However, L-leucyl-t-alanine is hydrolyzed by both preparations 
about twenty-three times more rapidly than its diastereoisomer, L-leucyl- 
p-alanine. It had previously been found (8) that a crude glycerol extract 


TaBLeE III 
Hydrolysis of Amino Acid Amides without Added Mn++ 


The amount of activity has been calculated in comparison with the fully activated 
preparations described in Table I. 


























Preparation B | Preparation C 

Substrate Activity com- | Activity com- 

Cc pared to fully Cc pared to fully 

active enzyme active enzyme 

per cent per cent 

t-Leucinamide................. 0.027 15 0.44 | 14 
pt-Norleucinamide.............| 0.027 15 | 0.55 17 
pu-Norvalinamide.............. 0.021 15 0.25 10 
pL-a-Amino-n-butyramide...... 0.0071 10 0.13 9 





of intestinal mucosa splits both of these compounds, but quantitative 
comparisons had not been made. 

Specificity of Action on Dipeptide Amides and Dipeptides—It has been 
noted that leucine aminopeptidase hydrolyzes glycyl-u-leucinamide at the 
terminal peptide linkage (2). It has now been observed that both bonds 
of t-alanyl-L-leucinamide are rapidly hydrolyzed. Table V shows that 
with Preparation C,,at an enzyme concentration of 0.00064 mg. of protein 
N per cc., complete hydrolysis occurs. At a lower enzyme concentration 
(0.00029 mg. of protein N per cc. of Preparation C and with Preparation B), 
the initial splitting is apparently first order and these rates may be com- 
pared with those of the other substrates. It was also found that the 
hydrolysis of u-alanyl-t-leucine by Preparation C is more rapid than 
that of any other known peptide or amide, since C for the peptide is 6.2 
while, for t-leucinamide, C is 3.1. It is likely that the initial hydrolysis 
of the dipeptide amide occurs at the peptide linkage adjacent to the free 
amino group. The proteolytic coefficients given for the compounds with 
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TaBLe IV 


Optical —— of Peptide and Amide Hydrolysis 





Substrate 


Preparation B 





| 

| 

| Enzyme con- | 
| centration 





L-Leucinamide 


p-Leucinamide................. | 


p-Leucyl-L-tyrosine....... 


p-Leucylglycine................ 


L-Leucyl-L-alanine........ 


L seinen -D-alanine........... 


Preparation C 


Cc | Enzyme con- 


centration 





mg. protein N | mg. protein N | 
per cc. per cc. 
Reise bile tia ae | 0.0112 0.18 0.00072 
| 0.0086 
Tas | | 0.0086 
| | 0.0086 
Pee | 0.0117 0.20 | 0.00072 
0.353 0.0095 0.0086 
TABLE V 


Hydrolysis of Dipeptide Amides and Dipeptides 





Substrate 


Preparation B 


| 


Preparation C 

















| Enzyme | ° Hydrol- 
| | tee" | Time ysis | 34 
| ape 
"Wh fercee | Me | ie | 
t-Alanyl-t-leu- | 0.0059 | 0.5| 17 | 0.45 
cinamide | ; a 33 | 0.49 
| | 1.5] 44 | 0.48 
| | 2 51 | 0.44 
| 17 167 | 
| 
p-Alanyl-t-leu- | 0.053 | 18 36 | 0.00050 
cinamide | 24 | 43 | 0.00048 
+ 48 74 | 0.00058 
B-Alanyl-t-leu- | 0.353 18 10 | 0.00012 
cinamide y 48 21 | 0.00010 
L-Leucyl-.- | 0.32 
alaninamide | 
L-Alanyl-.- 0.0117 (0.5 | 26 | 0.37 
leucine 1 | 50 | 0.48 
11.5 | 65 | 0.43 
2 | 77 | 0.45 
L-Alanylglycine | | 
Glycyl-u-leucine | 0.117 | | 0.019 | 


0.0029 








E 
= a0 eel Kil 
me p geag hrs. | ped 
0.00029 | 
0.00064 | 0.5 | 38 
1 | 65 
1.5] 90 
2 107 
2.25] 115 
5 | 171 
19 204 
0.0086 | 18 19 
24 «| «(26 
48 | 46 
0.0086 | 48 13 
0.00029 | 
0.00058 | 0.5| 21 
1 39 
2 | 64 
0.00144 | 





Cc 





3.1 
<0.001 
<0.001 
<0.001 

3.1 

0.13 


| 10 
| 12 


| 17 


0.010 
0.010 
0.011 
0.0024 


6.0 
6.0 

2 
6.4 
0.6 


0.35 


two sensitive linkages are calculated as though the initial action is entirely 


on one bond. 
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p-Alanyl-L-leucinamide is hydrolyzed quite slowly; for Preparation B 
the rate is 900 times greater for the diastereoisomer, while for Preparation 
C it is 820 times greater. It appears likely that the hydrolysis of this 
compound occurs at the terminal amide linkage, i.e. the linkage at the 
L-leucine carbony] rather than at the carbonyl] of the p-amino acid residue. 
Although only slight hydrolysis of 6-alanyl-L-leucinamide could be detected 
in 48 hours, similar results were obtained repeatedly. Here also it is 
probable that the terminal amide linkage is being split. The results indi- 
cate an almost absolute requirement for the a position of the free amino 
group. It may be noted that, since the relative rates with both prepara- 
tions for the hydrolysis of the three isomeric dipeptide amides are similar, 
we must infer that the same enzyme attacks all of these compounds. 

It had previously been assumed that leucine aminopeptidase had no 
significant action on glycyl-u-leucine, since marked alteration in the 
relative activities occurred on purification of extracts of mucosa when the 
hydrolysis of this peptide was compared to the rate for L-leucylglycine or 
L-leucinamide (4). In fact, a dipeptidase was later identified which 
hydrolyzes glycyl-u-leucine (14). However, we must now conclude that 
the aminopeptidase does have a slow but significant action on glycyl-.- 
leucine and that L-alanyl-t-leucine is hydrolyzed about twenty times more 
rapidly (average of Preparations B and C). For the same preparations, 
the data in Table I indicate that L-alaninamide is split nineteen times 
more rapidly than glycinamide. It is clear that substitution of L-alanine 
for the glycine moiety has the same effect on the rate of hydrolysis of both 
the dipeptides and the amides. This, of course, is to be expected from the 
rules of homospecificity elaborated by Bergmann and Fruton (15). 

It is important to emphasize that, with crude tissue extracts, glycyl-.- 
leucine is hydrolyzed by both the aminopeptidase and the dipeptidase. 
Likewise, we have found that L-alanylglycine is hydrolyzed by the amino- 
peptidase (Table V). Nevertheless, as first pointed out by Linderstrgm- 
Lang (3), the main action of the crude intestinal extracts on this peptide 
is due to a distinct and exceedingly labile enzyme. We have found that 
this latter enzyme is not activated by Mn** or Mg* as is the aminopep- 
tidase. Preliminary experiments with the alanylglycine-splitting enzyme 
of Preparation A have shown that the activity is inhibited by metal poisons 
such as cyanide and sulfide, and that activation is produced by Fe*™ salts. 
It was also observed that the action of the crude Preparation A on L-alanin- 
amide is not activated by Fe**; this hydrolysis must be ascribed to leucine 
aminopeptidase. Thus, it appears from our present information that 
the main alanylglycine-splitting enzyme of the crude extract is not an 
aminopeptidase. Further study must await methods of stabilizing and 
purifying this enzyme. 
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Additional evidence that leucine aminopeptidase hydrolyzes t-alanyl- 
L-leucine and glycyl-t-leucine has been obtained by means of competition 
experiments involving the presence of two substrates simultaneously 
employing a low enzyme concentration (Table VI). If the two substrates 
were hydrolyzed by different enzymes, the amounts of hydrolysis would be 
additive. It is apparent that the rate of hydrolysis is that of the more 
sensitive compound in the mixture. Actually, the presence of the less 
sensitive compound appears to produce a slight inhibition. These results 
are explicable in simple kinetic terms only if zero order or a mixed zero and 


TaBLeE VI 
Hydrolysis of Substrate Mixtures 


Each substrate was present at 0.05m. The enzyme was Preparation C at 0.00029 
mg. of protein N per cc. of test solution. The data are expressed as 100 per cent for 
the complete splitting of one peptide bond. 





Hydrolysis 
Time t-Alanyl- z-Alanyl-z- Pu es ee psteucinatable ( wis 
iain leucine and L-Leucinamide and “ppt 
t-leucinamide glycyl-t-leucine cee 
hrs. per cent per cent per cent per cent per cent 
0.5 10 10 
1 18 18 | 
1.5 27 25 19 12 
2.5 44 38 27 21 
6 75 75 49 40 10 
18 100 148 88 88 34 
first order reaction is involved. It is probable that the latter case holds 
here, although most of the data have been treated as indicating a first order 
reaction for present purposes. 
DISCUSSION 


From the data reported above and the previously available information 
concerning leucine aminopeptidase, it is now possible to evaluate a number 
of factors concerned in the specificity of this enzyme. It has been pro- 
posed that the enzyme-substrate complex of the metal-peptidases involves 
the formation of a compound in which the polar groups of the substrate 
are bound by the metal (16). For the aliphatic amino acid amides, we 
may assume that a minimum of 4 bonds of the metal is involved; 2 of 
these are linked to the protein and 2 to the substrate, while the side chain 
of the amino acid moiety is directly held by unknown forces of the pro- 
tein. In the structure, the vertical dotted line indicates the point of 
cleavage. 
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Evidence for complex formation between Mn** and the substrate, L- 
leucylglycine, has already been detected in the marked change in absorption 
spectrum which occurs on mixing these two substances (17). Likewise, it 
has been found that the addition of Mn** to highly purified preparations 
of leucine aminopeptidase produces a marked change in electrophoretic 
mobility of the proteins (13) and a striking change in the Mn* spectrum 
(unpublished observations). Since such enzyme preparations are not 
homogeneous, such evidence is only suggestive that Mn** is reacting with 
at least one component of the system to produce the change in color. 
Independent evidence of the reaction between Mn** and the protein comes 
from the observation of a time reaction between metal and protein (4), and 
from the mass law character of the activation process (13). 

It should be noted that we have assumed that the metal binds with the 
peptide nitrogen in this enzyme as already indicated for dipeptidases (16, 
17). For carboxypeptidase, the evidence suggests that metal binding does 
not occur at the peptide nitrogen (16) since a peptide hydrogen is not 
essential (11); moreover, even the nitrogen is not essential, since carboxy- 
peptidase possesses an exceedingly rapid esterase action (18). We have 
tested leucine aminopeptidase for esterase action by using L-leucine methyl 
ester as the substrate at pH 8.0. Only a slow saponification was found 
under the usual conditions of our enzyme experiments and the rate of this 
saponification was not influenced by the enzyme concentration. This 
indicates that for the action of this enzyme the peptide nitrogen is essential 
for the binding of the metal. 

The structure of the enzyme-substrate complex shown for the amino acid 
amide indicates the formation of a 5-membered chelate ring involving 
the metal and the substrate. This is consistent with the usual strong 
complexes containing such a ring structure. The action of leucine amino- 
peptidase on glycyl-L-leucinamide (2), leading to a rapid liberation of 
ammonia followed by a slow hydrolysis of glycyl-L-leucine, poses a some- 
what different problem. It is clear that the metal must bind with the free 
amino group which is essential (2), and with the amide nitrogen. If 
these were the only bindings, one would have to assume the formation of 
an exceedingly weak and improbable 8-membered ring. It is more likely 
that the metal forms an additional bond to the peptide nitrogen. This 
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would mean the presence of two 5-membered rings in which the weak bonds 
to the peptide and amide nitrogens are stabilized by the formation of ring 


He 
Hy C—NW 
| ee 
omy ~N 
HN—————— — >mnt+ 
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structures, as shown in the accompanying diagram. R’ is the isobutyl side 
chain. This is analogous to the stabilization of ring structures in the com- 
plexes formed by aniline diacetic acid and ethylenediamine-tetraacetic acid 
with the alkaline earth metals which have been studied recently by Schwar- 
zenbach and his collaborators (19). 

It is clear that the aliphatic amides given in Table I differ only in the 
portion of the molecule (R’) attached to the a-carbon.? In Fig. 1, there is 
plotted the relative value for the log C (taken from the averages of the data 
for the relative rates of hydrolysis of the aliphatic compounds in Table | 
for Preparations B and C) as a function of the size of the side chain as 
calculated from the molecular weight. Thus, for glycinamide, the molecu- 
lar weight of the single hydrogen is one, while for alaninamide the CH; 
residue is 15, etc. ‘The smooth curve shows a simple continuous hyperbolic 
function. The initial slope indicates that the rate increases about 10-fold 
for a 10-fold increase in mass. The curve also indicates that the maximal 
rate occurs with norleucinamide and leucinamide, which give identical 
values. 

The changes in rates given for this series of compounds may be inter- 
preted as due to changes in free energy of activation; these may be evaluated 
from the function C « e °”/*" or In C « AF/RT, where C is the proteo- 
lytic coefficient, AF is the change in the free energy of activation, F is the 
gas constant, and 7 is the absolute temperature. (As a first approxi- 
mation, we may assume that AS, the entropy of activation, is nearly the 
same for the various compounds.) For the increase in rate given by 
norleucinamide as compared with glycinamide, In Cy — In Cg = —AF/RT, 


? Errera and Greenstein (20) have found that crude aqueous extracts of normal 
and neoplastic tissues of rat and mouse hydrolyze the various aliphatic amino acid 
amides. Their results show considerable variability for the different compounds, 
depending on the tissue employed. Since it is likely that this is due to the presence 
of several different enzymes, we have not attempted any correlation of their data 
with those obtained for the purified aminopeptidase. 
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where AF is now the difference in free energy of activation for the hydro- 
lysis of these two amides. The calculated value is about 3500 calories. 
The correlation of this value with the interaction between the protein and 
the hydrocarbon side chain of the amino acid amides will be considered in 
some detail elsewhere (21). 

For certain peptidase actions, e.g. carboxypeptidase (16), it is apparent 
that the strength of the acid which is bound in the sensitive linkage has a 
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Fig. 1. Hydrolysis of the amides of aliphatic amino acids by leucine amino- 
peptidase. The logarithm of the relative first order velocity constant (average of 
the data for Preparations B and C given in Table I) is plotted as a function of the 
mass (molecular weight) of the side chain bound to the a-carbon. The value for 
L-leucinamide is identical with that plotted for norleucinamide. 


great effect on the sensitivity of certain substrates towards the enzyme. 
For the series of aliphatic amino acid amides, it does not appear that this 
relationship has any significant influence. The various aliphatic amino 
acids all possess almost identical pK values (22); this suggests that the 
free energy of their amide bonds would also be identical. 

The pronounced optical specificity exhibited by leucine aminopeptidase 
towards those compounds in which the configuration of the residue possess- 
ing a free amino group is altered indicates the applicability of the poly- 
affinity concepts described by Bergmann and his coworkers (8). This is 
apparent for an amino acid amide (p-leucinamide), for dipeptides (p-leucy]- 
glycine and p-leucyl-t-tyrosine), and for a dipeptide amide (p-alanyl-L- 
leucinamide). In each instance, the free amino group must be of the 1 
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configuration for the simultaneous combination of the metal with the pep- 
tide nitrogen and the amino group, while the R group is bound directly to 
the protein. It appears, however, that the simple polyaffinity concept is 
not applicable in explaining the slower rate of hydrolysis of L-leucyl-p- 
alanine as compared to its diastereoisomer, L-leucyl-L-alanine, which is 
hydrolyzed at about the same rate as L-leucinamide and L-leucy]-S-alanine, 
This equivalence in rates suggests that the enzyme has little or no affinity 
for the residue bearing the peptide nitrogen in these compounds. The 
explanation given by Bergmann et al. (8) for the relatively rapid action on 
L-leucyl-p-alanine was predicated on the assumption that the responsible 
enzyme was a dipeptidase; this is not in keeping with the present informa- 
tion concerning the specificity of this enzyme. A possible explanation for 
the difference in rates for the diastereoisomeric peptides is that the 8-methyl] 
group of the p-alanine residue may interfere with the binding of the metal 
with the peptide nitrogen as suggested in the accompanying diagrams, 
Thus, this effect might be due to steric hindrance given by the relative 
positions of the methyl group and the carboxyl group in the p-alanine 
residue. 
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L-leucyl-L-Alanine L-Leucyl-D-Alanine 


While the evidence discussed above indicates that the enzyme has little 
or no affinity for the residue possessing the peptide nitrogen, the high rate 
of hydrolysis of t-alanyl-L-leucine is in contradiction to this. Either an- 
other enzyme which possesses a rapid action on this peptide is present in 
these preparations, an assumption for which we have not been able to 
obtain any evidence, or the aminopeptidase possesses a great affinity for 
the leucine residue possessing the peptide nitrogen. If this affinity were 
similar to that exhibited towards the residue with the free amino group, 
the same relative rates would be expected for different terminal amino 
acids, as shown for the data in Fig. 1. This does not appear to be the case 
for the substrates tested up to the present. 


The technical assistance of Stratford L. Wendelboe and Douglas M. 
Brown is gratefully acknowledged. 
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SUMMARY 


1. It has been found that, in addition to compounds like L-leucinamide, 
leucine aminopeptidase can also hydrolyze similar aliphatic L-amino acid 
amides. The rate of hydrolysis is markedly increased by an increase in the 
size of the aliphatic side chain attached to the a-carbon. 

2. The enzyme possesses a marked specificity towards the residue pos- 
sessing the free amino group. There is little or no hydrolysis of compounds 
like p-leucinamide, p-leucylglycine, p-alanyl-L-leucinamide, and #-alanyl- 
L-leucinamide. This is in accord with expectations from the polyaffinity 
theory. 

3. It was observed that u-leucyl-L-alanine is split about twenty-three 
times faster than t-leucyl-p-alanine. This may be interpreted as due to 
an interference by the 6-methy] group of p-alanine with the combination of 
the peptide nitrogen with the metal ion. 

4. The action of this enzyme has been interpreted in terms of the 
formation of an intermediate enzyme-substrate complex in which the metal 
of the enzyme binds with the polar groups of the substrate, and the ali- 
phatic side chains are held directly by the protein. 
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THE FLUOROMETRIC DETERMINATION OF MALIC ACID* 


By J. P. HUMMELT 
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the Department of Biochemistry, State University of Iowa, Iowa City) 


(Received for publication, June 2, 1949) 


A sensitive and specific chemical method for the estimation of malic 
acid in biological materials has long been desired. The condensation 
of malic acid with orcinol in the presence of concentrated sulfuric acid 
to form the highly fluorescent homoumbelliferone (7-hydroxy-5-methyl- 
coumarin) was reported years ago (1). Although this reaction is relatively 
specific for malic acid, the quantitative precipitation of calcium malate 
by alcohol as a means of fractionation from biological materials gives 
it additional specificity. If, in conjunction with this treatment, a small 
amount of 2,4-dinitrophenylhydrazine is added, most of the simple car- 
bohydrate impurities which give an interfering amber color with orcinol 
become soluble in alcohol and thus may be removed. 


Procedure 


The solution to be analyzed is deproteinized with trichloroacetic acid 
of such a concentration that the final acidity is 1 Nn. Aliquots of the filtrate 
(containing 0.1 to 1.0 y of malic acid) are transferred to 18 X 100 mm. test- 
tubes and are diluted to 1 ml. with 1 n HCl. To each tube are added 
with shaking 0.1 ml. of 0.1 per cent 2,4-dinitrophenylhydrazine in 2 n 
HCl and 0.5 ml. of 10 per cent CaCl, and, after 30 minutes, 0.3 ml. of 5 
N NH,OH and 6 ml. of absolute ethanol. After 12 hours at room tempera- 
ture, the precipitation is complete. The tubes are strongly centrifuged 
and the supernatant is carefully poured off and discarded. To remove 
traces of moisture, the tubes are dried in the oven at 105° for 15 minutes. 

A stock orcinol solution containing 80 mg. of orcinol (twice recrystallized 
from benzene) in 100 ml. of 12.5 per cent H,SO, is prepared. This solu- 
tion is stable for several months if stored in the cold in a brown bottle. 
To each tube, 3 ml. of orcinol-sulfuric acid mixture are added (8 ml. of 
stock orcinol solution diluted to 100 ml. with concentrated sulfuric acid 
of highest purity). The contents are mixed with bulb stirring rods (2). 

The tubes are heated to 100° for 10 minutes, cooled under the tap, and 
diluted to 10 ml. with concentrated sulfuric acid. The blue fluorescence 


* This work was aided in part by a grant from the National Research Council. 
ft Present address, Department of Biochemistry, State University of Iowa, Iowa 
City. 
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is measured in a Coleman photofluorometer against blank and standard 
tubes treated in a similar manner. An almost linear fluorescence curve 
is obtained as shown in Fig. 1. The fluorometric attachment to the Beck. 
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Fia@. 1. The linear relation between the amount of malic acid assayed and the | 
relative fluorescence produced. 
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Fig. 2. The effect of different amounts of water in the orcinol-sulfuric acid mixture 
on the relative fluorescence produced by 1 y of malic acid. 


man spectrophotometer can also be used with somewhat greater concen- 
trations of malic acid. The maximum fluorescence produced by 1 7 of 
malic acid is approximately equivalent to that given by 9 y of quinine } 
sulfate in 10 ml. of 0.1 nN H,SO,. As shown in Fig. 2, the amount of water 
present during the condensation reaction is critical; less than 6 or more 
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than 12 per cent total water (by volume) in the sulfuric acid markedly 


reduces the fluorescence. It is therefore advisable to determine the water 
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Effect of Exercise on Content of Malic and Lactic Acids in Human Blood 


Blood from finger-tips, 0.2 ml., was deproteinized with 6 ml. of 1 nN trichloroacetic 















































acid and centrifuged, and 1 ml. of the supernatant was treated as described in the 
text. 
Malic acid P , 
Subject No. Malic acid Lactic acid —_—_— —— | #8t Cons ae 
Added Recovered — 
At rest 
al a Eee mg. per cent a sar Y Tigists 
I 0.75 11 
II 0.75 15 
Ill 0.63 15 
IV 0.62 45 j 
V 0.62 35 ; 
VI 0.36 17 
VII 0.42 18 0.50 0.50 100 
VIII 0.28 11 | 
IX 0.39 5 0.81 0.81 100 
Xx 0.24 15 0.81 0.83 102 
XI 0.36 14 0.81 0.80 99 
XII 0.24 20 0.85 0.86 101 
XIII 0.33 31 0.85 0.81 95 
Po 
Average..... | 0.46 19 | 
After exercise 
IV 0.72 75 
V 0.59 85 
VI 0.51 53 
VII 0.37 86 0.50 0.50 100 
XII 0.27 82 0.85 0.81 95 
XIII 0.24 80 0.85 0.81 95 
Average..... 0.45 77 
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variable intensities of fluorescence, possibly due to contamination by malice 
acid. Fructose-1,6-diphosphate and glucose-6-phosphate do interfere 
since they are quantitatively precipitated by alcohol and produce both 
a yellow color and a blue fluorescence with the orcinol-sulfuric acid reagent, 
They may be easily removed from the sample by preliminary hydrolysis 
in 0.2 n NaOH for 10 minutes at 100°. Glycogen, which also interferes, 
may be removed by acid hydrolysis. 

Malic Acid Content of Blood—As tested by this method, the levels of 
malic acid in finger-tip blood from normal male subjects were less than 
1 mg. per cent, as shown in Table I, and did not change after exercise 
sufficiently vigorous to raise the blood lactic acid level to 3 or 4 times above 
thenormal, as determined by the method of Barker and Summerson (3). 


SUMMARY 
A simple and sensitive fluorometric method for the determination of 
malic acid is described. The malic acid content of whole blood is low 
and does not change as a result of muscular activity. 
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A MICROMETHOD FOR ASSAY OF TOTAL TOCOPHEROLS 
IN BLOOD SERUM* 
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(From the Research Laboratory of Distillation Products, Inc., and the Department of 
Obstetrics and Gynecology, School of Medicine and Dentistry, The University of 
Rochester, Rochester, New York, and the Department of Pharmacology, 
Washington University School of Medicine, St. Louis) 


(Received for publication, June 6, 1949) 


A simple, accurate micromethod for vitamin E in blood would be a 
desirable addition to assay procedures now available. There appears to 
be no vitamin E method which requires less than 2 to 5 ml. of serum or 
plasma, and this amount is frequently unobtainable from small children or 
experimental animals. Economy of space and time is another advantage 
of using a micromethod. 

The micromethod for measuring vitamin E in blood to be described 
here appears to fit these requirements. A pair of analysts can do 80 
assays in a working day (and carotene is also measured in the method). 
The volume of blood serum or oxalated plasma which is required (0.06 
ml.) is easily obtained by finger-tip puncture. The method employs tech- 
niques previously described, whereby the Beckman spectrophotometer 
is adapted to measurement of optical density of very small volumes and 
micro pipettes of the Lang-Levy type are used (1, 2). 

For determining vitamin E in blood the direct measurement of its 
absorption peak at about 295 my is attractive. However, owing to the 
very low extinction value of tocopherol and to the presence of many inter- 
fering substances which absorb in this region, this method is not practical. 
Of the oxidimetric color reactions for vitamin E, only two seem to be sen- 
sitive enough for use in a blood method. One is oxidation (e.g. with silver 
nitrate) to give tocopherylquinone with an absorption peak at about 265 
mu; it does not seem useful for microassay because of carotene inter- 
ference and because of the rigid control required to obtain precise results. 
The other is the Emmerie and Engel (3) color reaction with ferric chloride 
and a,a’-dipyridyl to give a red color. Since the latter reaction is precise 
and easy to perform, it has been used. 

The method is based on the macroprocedure of Quaife and Harris (4). 
However, the hydrogenation step, which obviates interference due to 
carotene, has been omitted since it was not found feasible to hydrogenate 


*Communication No. 154 from the Research Laboratory of Distillation Prod- 
ucts, Inc. 
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small samples without loss of tocopherol, presumably because the catalyst 
sensitizes it to oxidation. (In the hydrogenation apparatus used in the 
blood macromethod (5), this loss is prevented by use of a closed system, 
from which the air is rapidly swept out by a stream of hydrogen.) In. 
stead, the light absorption due to the carotenoids is measured at 460 my 
and a correction made for the contribution of carotene to the Emmerie- 
Engel reaction color at 520 my. 


Procedure 


Reagents and Apparatus— 

1. Absolute ethyl alcohol, purified as follows: Distil the alcohol from 
a flask containing pellets of potassium hydroxide and crystals of potassium 
permanganate. Discard the first portion. 

2. Xylene, c.P. 

3. a,a’-Dipyridy] in n-propyl alcohol, 0.120 gm. per 100 ml. 

4. Ferric chloride hexahydrate in absolute ethyl alcohol, 0.120 gm. per 
100 ml. Keep this solution in a dark brown or red glass bottle, fitted with 
a glass or cork stopper. 





5. Pyrex test-tubes, 6 X 50 mm., fitted with cork (not rubber) stoppers! | 


6. Lang-Levy constriction pipettes (2), 60, 40, and 13 cmm. It is 
desirable to have the upper constriction quite small to facilitate pipetting 


organic solvents with low surface tension. (They can be purchased from | 


the Microchemical Specialties Company, Berkeley 3, California.) 
7. A Beckman spectrophotometer fitted with a micro attachment and 


2 mm. quartz cuvettes (1). (The micro attachment and cells are obtain- | 


able from the Pyrocell Manufacturing Company, 207 East 84th Street, | 


New York 28.) 
8. Test-tube racks about 5 X 5X 1} inches to hold 100 tubes. These 
may be made from wire screen (two pieces of } inch mesh) or sheet metal. 
9. A high speed hand drill, fitted as described by Bessey et al. (6). 


Method 


60 c.mm. of serum or plasma and 60 c.mm. of absolute ethy! alcohol 
are put into a small (50 X 6 mm.) test-tube. The contents of the tube 
are mixed, immediately after the alcohol is added, by touching the side of 


1 Rubber stoppers are avoided because they contain substances readily extracted 
by organic solvents, which give a reaction with the Emmerie-Engel reagents. Corks 
are preferable, but contact with the solution must still be avoided. If small pieces 
of cork fall in the extraction mixture, false high Emmerie-Engel values will result. 
Corks covered with aluminum foil are satisfactory. 


* All quantities of solution referred to in the method should be accurately meas- | 
ured. The exact amounts taken will depend on the volumes of the micro pipettes, | 


and will not usually correspond exactly to the amounts stated. 
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the tube near the bottom to the whirling nail in the motor drill which has 
been mounted in a clamp with the nail up. 60 c.mm. of xylene are next 
added to each tube, and the tubes are corked to prevent loss by evapora- 
tion. Each tube is uncorked and mixed by touching to the motor drill 
long enough to allow violent agitation of the contents for at least 30 seconds, 
and then recorked. The tubes are centrifuged 10 minutes at 3000 R.P.M. 
To 40 c.mm. of the xylene supernatant layer, which has been transferred 
to another 50 X 6 mm. test-tube, are added 40 c.mm. of the a,a’-dipyridyl 
reagent. Each tube is touched to the motor drill to mix the contents and 
is then recorked. 60 c.mm. of the mixture are pipetted into a Beckman 
cuvette and the absorption read at 460 my with the use of distilled water 
as a reference blank. To the cuvette are then added 13 c.mm. of the ferric 
chloride reagent. The cuvette is rapidly rocked sideways through a 90° 
arc for 30 seconds to insure thorough mixing of the contents, and the 
absorption is measured at 520 my at 1} minutes after the addition of the 
ferric chloride. Similar readings are made on blank solutions which have 
been prepared by applying all of the procedure described above for serum 
or plasma to an equal volume of distilled water. At least two blanks should 
be included for each Beckman cuvette. As with other micromethods, 
three Beckman cuvettes, each containing an individual sample, are used 
along with the reference cuvette which has distilled water. 

It is imperative to clean the Beckman cuvettes prior to each color re- 
action by filling with acetone and sucking dry twice. Use of ether is 
avoided, as it frequently contains peroxides, which destroy tocopherol, 
and also impurities, which give a color with the Emmerie-Engel reagents. 


Calculation 


Calibration data are based on pure, natural, d,a-tocopherol and on 
crystalline (90 per cent B-, 10 per cent a-) carotene. The tocopherol 
calibration curve is made from results obtained on solutions in absolute 
ethyl alcohol, ranging in concentration from 0.500 to 2.000 mg. per 100 
ml. 60 c.mm. aliquots of these are added to equal volumes of distilled 
water and treated as described for blood. The carotene is dissolved in 
xylene (in a concentration range of 50 to 500 y per 100 ml.), diluted 1:1 
with the dipyridyl in propyl alcohol, and readings made at 460 my and 
also at 520 my after ferric chloride addition. 

Calibration data should, of course, be determined by each individual, 
since slight deviations in technique frequently cause considerable varia- 


* Pipettes and other glassware are cleaned in conventional fashion, e.g. with 
chromic acid. Then they are repeatedly rinsed with distilled water to remove any 


trace of acid or base which might affect the color reaction. Then they are rinsed 
with acetone and dried. 
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tions in results in a given analytical method. This is especially true for 
the color reaction employed here, since it gives increasing color with 
time. Once established, the calibration factor has remained surprisingly 
constant over a long period. 

Under the conditions described and with the given volumes of solution, 
57.4 c.mm. of xylene-dipyridy] reagent and 12.2 c.mm. of ferric chloride 
reagent, it was found that carotene gives a reading at 520 my in 
the Emmerie-Engel reaction, which is 29 per cent of that of carotene itself 
at 460 mp. Therefore, readings on blood extracts at 520 my are corrected 
to this extent. 

If in the standardization the same pipettes are used for standard a- 
tocopherol solution as for serum or plasma, the pipette volumes cancel 
out. When all values of standard and unknown are corrected for reagent 
blanks, the calculation for vitamin E (total free tocopherols) in plasma or 
serum becomes 


(Ds20-0.. 29 Deo) 


D perrras ss X mg. % vitamin E in standard 
soo Of standar 





Mg. % vitamin E = 


With use of the volumes given above, a value of 6.10 was determined 
for the ratio of mg. per cent of vitamin E of standard to Ds of the 
standard. 

Carotene itself can, of course, be determined from the 460 my readings. 
(The formula determined in this laboratory is micrograms per cent of 
carotene = 856 X Dag.) 


DISCUSSION 


On a macro scale the Emmerie-Engel reaction is preferably carried out 
with ethyl alcohol as the solvent, since rapid and complete color develop- 
ment occurs; also, possible color repression, which sometimes occurs when 
there is excess fat in the reaction mixture (7), is minimized. But it is too 
volatile for use in the micromethod. Acetic acid-petroleum ether mix- 
tures as solvents have been avoided because they have the disadvantages 
mentioned above. 

After some preliminary trial with various combinations of polar and 
hydrocarbon solvents, a 1:1 mixture of n-propyl alcohol and xylene was 
selected. Xylene is a hydrocarbon solvent which is sufficiently non- 
volatile for use in extracting vitamin E from serum in the micromethod. 
It must be diluted with at least an equal volume of polar solvent in order 
to give rapid and complete color development of the Emmerie-Engel re- 
action for tocopherol in a blood extract. The polar solvent chosen, % 
propyl alcohol, is a compromise between the greater polarity of ethyl al- 
cohol and the lesser volatility of the higher alcohols. (It has a boiling 
point 16° higher than that of isopropyl alcohol.) 
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Aliquots of a solution of carotene in a 1:1 mixture of n-propy)] alcohol 
and xylene, when contained in micro Beckman cuvettes in minimum cell 
volumes, gave stable readings at 460 my for at least 30 minutes. The 
time required to read them in the actual blood procedure should not ex- 
ceed 5 minutes. 

Although the fact that a timed reaction is used on the Beckman instru- 
ment might appear to be a handicap, in practice little difficulty is en- 
countered in obtaining readings, both on pure tocopherol and carotene 
and on blood samples, which show good reproducibility. This applies 
to readings made on successive samples in the three micro cuvettes (plus 
the reference solution, distilled water) which are contained in the Beck- 
man cuvette holder. 

A large number of assays (e.g. 50 to 100) can be run simultaneously. 
Blanks must be run with each batch, but once the method is well standard- 
ized, standard solutions of vitamin E need not be run. The samples can 
be allowed to stand overnight in the refrigerator, after extraction and 
centrifugation, or after dilution of the xylene supernatant with the dipyridy| 
solution. 

Tocopherol which had been added to the original serum extraction 
mixture at a level of 0.995 mg. per cent was recovered quantitatively 
(107 per cent) in the micromethod. (An absolute ethyl alcohol solution 
of pure a-tocopherol replaced ethyl alcohol in the extraction step.) This 
would be expected, since there are no steps in the procedure which are 
conducive to tocopherol loss, e.g. saponification. 

Precision of the method appears as good as that of other micromethods. 
A few coefficients of variation are listed in Table I; they range from 2.7 
to 5.7 per cent. 

Results of assay by the micromethod were compared with those by the 
macromethod for a series of blood samples from presumably normal sub- 
jects, which include men and pregnant and non-pregnant women. They 
are listed in Table I. Good agreement is shown between them. The 
mean value for eighteen subjects was 1.11 mg. per cent by macroassay, 
and 1.07 mg. per cent by microassay. 

Since the micromethod for vitamin E gives values identical with those 
given by the macromethod, within experimental error, the range of “nor- 
mal” values would be the same: 0.8 to 1.2 mg. per cent for venous blood 
plasma or serum. 

The micromethod was used to assay blood sera of rats which had been 
kept on a vitamin E-deficient diet for a year. The samples were obtained 
by cutting off the tip of the tail. The zero tocopherol levels found in the 
rat blood provide further evidence that extraneous materials other than 
tocopherol (and carotene) are not measured by the Emmerie-Engel re- 
action in the micromethod. 
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TABLE I 


Comparison of Total Tocopherol Content of Human Blood Serum As Determined by 
Macro- and Microassay Methods 


























lai Micto values Cosieal 
Sample No. — “y | No a eof 
duplicate Concentration | determina- | V@rlation 
tions 
mg. per cent mg. per cent per cent 
1 1.75 1.75 + 0.06* 9 3.6 
2 1.05 1.045 + 0.028* | 6 2.7 
3 0.56 0.54 + 0.03* 6 5.7 
4 1.95 1.90 Pe 4 
5 0.73 0.71 — S 
6 0.92 0.75 3 | 
7 0.76 0.76 3 | 
8 0.83 0.74 3 
9 0.97 0.92 3 
10 0.78 0.71 3 
11 1.33 1.26 3 | 
12 1.15 1.09 3 | 
13 1.39 pire a 3 | 
14 1.57 1.44 3 | 
15 1.05 1.03 3 | 
16 1.13 1.24 za 
17 0.91 0.87 3 
18 1.15 1.30 | 3 
ee ccd 2 Bef | 1.07 
* Standard deviation. 
TABLE II 


Stability of Vitamin E in Blood Sera Stored in Deep Freeze at —22° 




















Tocopherols* | 
Sample No. | Loss 
Original After 8 wks. | 
mg. per cent mg. per cent | 
1 1.90 1.73 | 9 
2 0.54 | 0.54 0 
I asda RR his Sets x dies Biv hss Shh GAY Soato ue Datel oats 4.5 





* Mean value of triplicate assay. 


A preliminary check of the stability of vitamin E in blood sera on storage 
in the deep freeze has been made. The results (Table II) suggest that 


they are stable, within experimental error of the microassay, for at least | 


8 weeks when stored at —22°. 
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SUMMARY 


A micromethod is described for determining total tocopherols in 0.06 
ml. of blood serum or plasma, which consists of (1) precipitation of protein 
with ethyl alcohol and extraction of tocopherols into xylene; (2) dilution 
of an aliquot of xylene extract with a,a’-dipyridyl in n-propyl alcohol; 
(3) measurement of light absorption due to carotenoids at 460 my; and 
(4) addition of ferric chloride to the Beckman cuvette and measurement of 
absorption at 520 mu. 

The requirements of an analytical method with regard to precision, 
accuracy, and quantitative recovery of added tocopherol are satisfactorily 
met. Results agree well with those of the Quaife-Harris macroprocedure. 

Blood sera stored at —22° appear to be stable for at least 8 weeks with 
respect to tocopherol content. 
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PREPARATION OF SUCROSE LABELED WITH C* IN THE 
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(From the Division of Plant Nutrition, College of Agriculture, and the 
Department of Bacteriology, University of California, Berkeley) 


(Received for publication, June 13, 1949) 


The problem of sucrose utilization has not been sufficiently studied 
to ascertain whether the disaccharide is used directly, inverted by hydroly- 
sis, or broken down through some other mechanism prior to further me- 
tabolism. 

It is well known that fructose in its free form occurs as a relatively 
stable six-membered ring compound (pyranose configuration), whereas 
in the sucrose molecule it is found in the unstable five-membered ring 
form (furanose configuration), which cannot be isolated as a free sub- 
stance. There is reason to suspect that this form, when liberated from 
sucrose by enzymatic action, might be metabolized in living cells in a 
different manner from the pyranose form or normal free fructose. The 
possibility also exists that the glucose half of the sucrose molecule, when 
first liberated, is phosphorylated and also reacts differently from free 
glucose in living organisms. However, it is difficult to distinguish the 
breakdown products of sucrose from one another in their final utilization 
by ordinary methods. 

Labeling the components of sucrose with C™ affords a method for ob- 
serving their metabolism in plants and animals. Since sucrose can be 
synthesized enzymatically from its constituent monosaccharides (1, 2), 
it is possible to label each half of the molecule by starting with monosac- 
charide units labeled with C™. 

On the basis of earlier work the following reactions were postulated to 
account for the reversible phosphorolysis of sucrose with the enzyme 
from Pseudomonas saccharophila (2). 

+ Phosphate 


Glucose-1-phosphate + enzyme <_— wa) — Glucose-enzyme 
a 








(b) E Fructose 


Glucose-1-fructoside + enzyme 
(Sucrose) 





* Supported in part by a grant from the Sugar Research Foundation. 
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In reaction (a) phosphate is split off from the glucose-1-phosphate and 


the glucose residue combines with the enzyme forming a temporary bond, | 


the glucose-enzyme combination existing in equilibrium with the glu. 
cose-l-phosphate. In the equilibrium reaction (b) the glucose from the 
glucose-enzyme complex is transferred to the fructose, which acts as an 
acceptor, forming sucrose. 

These reactions were utilized to introduce labeled glucose into the gy- 
crose molecule in one preparation and labeled fructose into this disae- 
charide in another. 

Radioactive sucrose with “tagged” fructose was prepared by allowing 
radioactive fructose to exchange for fructose in the inactive sucrose mole- 
cule in the presence of an enzymatic extract from P. saccharophila ac- 
cording to the reaction 


* ~ 
Glucose-l-fructoside + enzyme — glucose-enzyme + fructose 
(Sucrose) 


Sucrose labeled with C" in the glucose moiety was obtained by allow- 
ing unlabeled fructose and sucrose to react with C'-labeled glucose-l- 
phosphate by the aid of the same enzyme through the reversal of the phos- 
phorolytic process 


* * 
Glucose-1-phosphate + fructose — glucose-1-fructoside 
(Sucrose) 


By hydrolyzing the synthetic radioactive sucrose preparations into 
their monosaccharide constituents, it was shown that in one sample 
96 + 3 per cent of the disaccharide activity resided in the glucose residue 
and less than 1 per cent in the fructose residue. In another sample, the 
fructose half of the molecule contained 90 + 3 per cent of the activity, 
while the glucose contained less than 1 per cent. The probable error is 
only that due to variability in counting. 

The incorporation of either radioactive glucose or fructose into the 
sucrose molecule illustrates one of the uses to which the enzyme, sucrose 
phosphorylase, may be put, and also confirms previous conclusions (2) 
concerning the mechanism of action of this enzyme. 


EXPERIMENTAL 


Reagents—The enzyme solution was prepared from 4 gm. of dried cells 
of P. saccharophila by fractional precipitation with ammonium sulfate 
from phosphate buffer at pH 6.64 and then from citrate buffer at pH 
6.64 (2, 3). 


| 
| 
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C-labeled glucose-1-phosphate was prepared by McCready and Has- 
sid’s (4) method from a sample of radioactive starch, with use of potato 
phosphorylase. The radioactive starch was obtained from tobacco leaves 
that were exposed to an atmosphere of radioactive carbon dioxide and 
allowed to photosynthesize for about 24 hours (5). 

The C-labeled fructose was obtained from similarly treated Canna 
indica leaves (5). 

Sucrose with C-Labeled Fructose—The enzymatic digest consisted of 
2.5 gm. of sucrose, 0.2 gm. of C-labeled fructose, and an extract from 
2 gm. of dried cells from P. saccharophila in a total volume of 30 ml. of 
citrate buffer at pH 6.64. The digest was incubated for 6 hours at 30°, 
then pasteurized, and the remaining fructose fermented with a washed 
cell suspension of the yeast, Torula monosa. The yeast was removed 
by centrifugation and the electrolytes by the use of ion exchange columns, 
Duolite C-3 and Duolite A-3. The neutral solution was evaporated to 
10 ml., 2.5 volumes of ethanol were added, and the alcoholic solution fil- 
tered. After evaporation of the solution, and treatment of the sirup 
with absolute alcohol, the sucrose was obtained in crystalline form. When 
the crude product was recrystallized twice from ethyl] alcohol, its specific 
rotation in water (c = 2) was [a], = +66.5°. 

On the basis of the activity of the C-labeled fructose originally added, 
the radioactivity of the sucrose was found to be 76 per cent of the possible 
theoretical activity at equilibrium. 

Resolution of Sucrose through Hypoiodite Oxidation and Determination 
of Activities of Monosaccharide Constituents—A 0.45 gm. sample of radio- 
active sucrose was hydrolyzed with 30 ml. of 1 N sulfuric acid for 10 min- 
utes at 80°. The solution containing the invert sugar was neutralized 
with barium hydroxide, with use of phenolphthalein as an indicator, the 
barium sulfate was centrifuged off, and the supernatant liquid concen- 
trated in vacuo to 10 ml. The glucose in this sample was oxidized to 
gluconic acid with Bal.-I, solution according to a modified procedure of 
Goebel (6). After removing the barium and iodide impurities as de- 
scribed by this author, the solution was further purified by passing it 
through cation and anion exchange columns. The gluconic acid was 
adsorbed on the anion column, while the fructose passed through. The 
neutral solution containing the fructose was set aside. The gluconic acid 
was eluted from the column with 2 N ammonium hydroxide and the solu- 
tion concentrated in vacuo to get rid of the excess ammonia. It was 
then passed again through the cation exchange column and the solution 
containing the gluconic acid was boiled with an excess of calcium car- 
bonate, filtered while hot, and concentrated to a sirup. After the addi- 
tion of a small amount of ethanol, the calcium gluconate crystallized out. 
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The product was recrystallized from water, washed with alcohol and ether. 
and dried at 50° in vacuo. A yield of 0.26 gm. was obtained. Its specific 
rotation in water (c = 2) was [a], = +9.0°. The specific rotation for 
calcium gluconate, (CsH1O7)2Ca, given by May, Weisberg, and Herrick 
(7) is 9.8°. 

The neutral solution was concentrated to a sirup and taken up in 
small amount of warm absolute alcohol. A few ml. of dry benzene wer 
added, and the mixture was concentrated to dryness under reduced pres. 
sure, while a stream of dry air blew over the surface of the liquid. After 
repeating this procedure several times, the sirup was crystallized from 





absolute methanol by dropwise addition of anhydrous ether (8). The | 


yield of fructose was 0.16 gm. The recovered fructose contained 95 per 
cent of the radioactivity of the sucrose, while that of the calcium glv- 
conate contained 5 per cent. 

Sucrose with C-Labeled Glucose—The reaction mixture consisted of 
0.5 gm. of glucose-1-phosphate containing C"; 0.2 gm. of inactive fructose 
and 2.5 gm. of inactive sucrose (carrier) were mixed with an extract from 
2 gm. of dry cells from P. saccharophila. The reaction mixture was 
made up in a total volume of 30 ml. of citrate buffer at pH 6.64 and al- 
lowed to react for 6 hours at 30°. The radioactivity of the sucrose was 
found to be 72 per cent of the possible theoretical activity at equilibrium 

The isolated radioactive sucrose was resolved into its components by 


the method previously described. The recovered glucose, as calcium | 


gluconate, contained 90 per cent of the activity of the sucrose, while the 
fructose contained 6 per cent. 

The glucose component in the first sucrose preparation and the fructose 
component in the second sucrose preparation were expected to be inactive. 
The appreciable activity of 5 and 6 per cent found in the glucose and the 
fructose, respectively, was probably due to contamination. When glu- 
cose is oxidized in the presence of fructose, a small amount of the latter 
sugar is also oxidized. On the other hand, some of the glucose may re- 


main unoxidized. In the process of separation, the non-radioactive | 





gluconic acid is probably contaminated with the oxidized radioactive | 
fructose, and the inactive fructose is contaminated with the unoxidized | 


radioactive glucose. 


A direct method for resolution of sucrose into its components, which | 


does not require oxidation of the glucose with hypoiodite, was therefor 
tried. 

Direct Resolution of Sucrose to Its Monosaccharide Constituents—1 gm. 
of finely powdered sucrose containing C-labeled glucose was treated in4 
centrifuge tube with 3 ml. of 95 per cent ethanol and 0.12 ml. of concer- 
trated hydrochloric acid. The tube with the contents was kept at 50 


| 
| 
\ 
| 





ih we: —_ oF 


— 


ao © Jas =| |S 


oo Ss ty.) OOS ee et 





ther, 
ecific 
n for 


rrick 


in a 
were 


pres- | 


After 


from | 
The | 


5 per 


glue | 


ed of 
ictose 
from 
> was 
nd al- 
e was 
rium. 
its by 


ulcium | 


le the 


uctose 
active. 
nd the 
n glu- 

latter 





ay Te | 
yactive | 
active | 
<idized | 


which | 


erefore 


-1 gm. 
ed in 8 


| 
\ 
| 


soncen- | 


at 50° 





WOLOCHOW, PUTMAN, DOUDOROFF, HASSID, AND BARKER 1241 


with frequent shaking until the sugar dissolved. The mixture was cooled 
to room temperature, seeded with 1 mg. of powdered anhydrous inactive 
glucose, and the tube stoppered and placed on a shaking machine. After 
several days the glucose crystallized out. The crystals were centrifuged, 
washed with absolute alcohol, and the crude product twice recrystallized 
from water by the addition of absolute alcohol. The yield of glucose 
was 0.270 gm. Its specific rotation in water (c = 3) was [a], = +52.5°. 

The acid-alcoholic mother liquor from the glucose crystallization was 
neutralized with silver carbonate, treated with charcoal, filtered, and con- 
centrated to a sirup under a vacuum. The sirupy fructose was treated 
with hypoiodite to eliminate the remaining glucose, and was then further 
purified through calcium precipitation and decomposition of the complex 
with oxalic acid (5). By this procedure the fructose was obtained in 
crystalline form. The yield of fructose was 0.275 gm. Its specific rota- 
tion in water (c = 3) was [a], = —88°. 

Determination of Activity—The activity of the glucose and fructose 
was determined as follows: Approximately 10 mg. samples were burned 
in @ semimicro combustion tube, and the carbon dioxide produced was 
trapped in 0.20 n carbon dioxide-free sodium hydroxide and precipitated 
as barium carbonate by the addition of 0.1 N barium chloride solution. 
The excess alkali was immediately titrated with 0.05 n hydrochloric acid. 
The barium carbonate obtained was washed in a centrifuge tube, sus- 
pended in ethanol, mounted on an aluminum disk, and assayed for radio- 
activity in a thin window Geiger tube. 

The activity, in terms of the parent sucrose, of the glucose and fructose 
obtained from resolution of the two sucrose samples as outlined by the 
latter method was as follows: glucose, 0.7 + 0.3 per cent; fructose, 0.6 
+ 0.3 per cent. 


SUMMARY 


With use of C'*-radioactive fructose, inactive sucrose, and an enzymatic 
extract from Pseudomonas saccharophila, sucrose with a C'*-labeled fruc- 
tose component was synthesized. 

Sucrose with C-labeled glucose was prepared by allowing labeled 
glucose-1-phosphate to react with inactive fructose in the presence of the 
same enzyme. 

Analysis of the first synthetic sucrose preparation showed that prac- 
tically all of the disaccharide activity could be accounted for by the fruc- 
tose part of the molecule, while the glucose contained only 0.7 per cent 
of the activity. Resolution of the second sucrose preparation and analysis 
of its components showed essentially all of the activity in the glucose and 
0.6 per cent in the fructose. 
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THE EFFECT OF HEAT ON THE AVAILABILITY OF 
PORK PROTEIN IN VIVO AND IN VITRO 
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(From the Research Laboratories, Swift and Company, Chicago) 


(Received for publication, June 19, 1949) 


In earlier work it has been shown that prolonged autoclaving of pork 
muscle does not destroy significant quantities of essential amino acids, 
although it does reduce the amount of cystine in the meat (1). This ob- 
servation was based upon amino acid analyses of acid hydrolysates of raw 
and autoclaved meat. However, it was further shown that the severe 
heat treatments used greatly decreased the extent to which trypsin and 
erepsin could release the amino acids from pork protein. Thus, decrease 
in availability rather than amino acid destruction seems a more probable 
cause of the lowering of biological values which various investigators have 
found. 

Since these previous experiments as well as others in the literature 
demonstrated that prolonged heat treatment reduced the enzyme digesti- 
bility of meat 7m vitro as well as its biological value, it became of interest 
to know the effects of less severe treatments. It was hoped that these 
studies might reveal some correlation between enzyme digestibility and 
biological value and also indicate the readiness with which heat affects 
the digestibility of meat. Clandinin (2) has already demonstrated some 


similarity between enzyme digestibility of fish meals and their biological 
value for chicks. 


EXPERIMENTAL 
Preparation of Samples 

A 20 pound quantity of fresh pork shoulder was trimmed of fat, com- 
minuted in a high speed chopper, and mixed several times to assure uni- 
formity. The meat was packed into thermal death time cans! and sealed 
under vacuum in a commercial type of closing machine. Several cans 
were autoclaved at 113° for each of the following time intervals: 5, 15, 
and 30 minutes and 1, 2, 4, 8, and 24 hours. Upon the completion of 
each autoclaving period, the cans were cooled immediately and stored, 
along with the raw controls, at —20° until needed. This procedure was 


repeated when larger quantities of sample were needed for the biological 
experiments. 


1 These cans measure 2} X 5/16 inches. They were kindly furnished by J. F. 
Feaster of the American Can Company, Maywood, Illinois. 
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Assay Procedure 


Enzyme digests and acid hydrolysates of the various samples were pre- 
pared as previously described (1). In brief, this amounted to treatment 
of the samples with trypsin and erepsin for periods of 48 hours at pH 738, 
In each case, the final dilutions corresponded to 5 gm. of sample per 
100 ml. 

Aliquots of each suspension were treated with 0.1 N sulfuric acid and 
later analyzed for total nitrogen by the micro-Kjeldahl procedure. Other 
aliquots were treated with sodium tungstate and sulfuric acid, filtered, 
and analyzed to obtain values for non-protein nitrogen and amino acid 


TABLE I 
Composition of Typical Rat Diet 











Ingredients | Quantities added 

| gm. 
ER eee a ge OR aN o's cera bp aieraia'eubea's bk AIR REGO a be 15.00 
a eeede ee AALS AA RE ts cer, grein Pea are 51.01 
I, ure Ee ar oe epee Pome gn fhe | 12.49 
DH ttt re tte, cen. Lbuvk. «gels te eeee headed «Een eds 14.70 
EE A ee Oe ee ee ee en eee 4.00 
Vitamin A and D oil (3000 A, 500 D)......... cee eke 0 1.00 
Wheat germ oil (1 mg. tocopherol per gm.).................... 1.00 
Aa er tent thy ae atl a ea De ghee Peek es ek 0.10 
en eninn? 2007558 StS a. Soo ees ES ee 0.71 





* The meat, either raw or cooked, supplied 9 per cent of protein and 3.3 per cent 
of the fat. . 

t The total fat, including meat fat, was 18.00 per cent. 

¢ Jones-Foster salt mixture (5). 

§ Thiamine hydrochloride 0.8 mg., riboflavin 1.6 mg., niacin 4.0 mg., pyridoxine 
hydrochloride 0.8 mg., calcium pantothenate 4.4 mg., liver concentrate, Wilson’s 
(1:20) 700 mg., and 2-methyl-4-naphthoquinone, 1.0 mg. 


nitrogen. The remainder of the sample solutions was filtered and deter- 
minations of free amino groups and of free amino acids were made upon 
each of these filtrates. The Koch modification (3) of the nitrous acid 
volumetric method of Van Slyke and the ninhydrin manometric method of 
Van Slyke, Dillon, MacFadyen, and Hamilton (4) were used in the respec- 
tive analyses. 

Microbiological assays of each filtered sample were made for the amino 
acids listed in Table III by the microbiological technique previously de- 
scribed (1). 

Bioassay with Rats 


In order to test the biological availability of the proteins given differ- 
ent heat treatments, four diets at a 9 per cent level were prepared: one 
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each of the raw meat, and meat autoclaved 5 minutes, 2 hours, and 24 
hours. Cystine in an amount equal to that found in the raw meat was 
added to part of the diet containing the meat autoclaved 24 hours. Table 
I shows the composition of a typical diet used in the feeding experiment, 
listing quantities of each ingredient for 100 gm. of diet (dry weight). 
Male albino rats weighing approximately 50 gm. were obtained from the 
Carworth Farms and placed on stock ration for several days. The gain 
in weight of each was recorded and animals showing unusually low or high 
gain in growth were discarded. Those remaining were placed in individual 
cages and divided into four groups of eight each and one group of four. 


TABLE II 
Effect of Autoclaving Pork at 113° upon Liberation of Various Nitrogen Fractions by 
Trypsin and Erepsin 
| 








N esehis as per cent of N in raw a 


| oN 
| liberated | se = 
Methods of analysis | per gm. | Autodaving time 
| raw | 
| sample | dies: 1 = p- thr. | 2 hrs. | 4 hrs, | 8 hrs. |; 
4 ; ' 
ee | a ee oe bie oy 

| | 

mg. 


Total N of tungstic acid fil-| 19.7 | 93.0! 91.0) 89.9 88.7) 85.5) 81.7 74.7) 76.7 
trates | 

Free amino acid* N of tung. 8.1 | 60.2) 59.6) 56.2) 56.7| 55.5! 55.8] 54.7| 50.5 
stic acid filtrates 

Free amino acid* N of un- 11.9 | 47.9 50.4 47.5, 43.8 37.8| 
treated filtrates 

Free amino Nf of untreated; 17.5 | 68.5 68.2) 69.9 65.2) 63.2 59.1) 59.4! 46.7 
filtrates | 

* Determined by the Van Slyke-Dillon- Mack adyen-Hamilton procedure (4). 

+t Determined by the Van Slyke volumetric procedure, Koch modification (3). 








The average weights for the groups and their responses to the various 
diets are shown in Table V. 


DISCUSSION 


The rate of liberation of nitrogen by enzymatic digestion of the raw and 
autoclaved pork is shown in Table II. The non-protein nitrogen values 
show a relatively slow decline over the entire period of autoclaving. The 
amino nitrogen values, determined by the nitrous acid method which in- 
cludes the free e-amino nitrogen in addition to the free a-amino nitrogen, 
declined rapidly during the first 5 minute interval and more slowly there- 
after during the 24 hour period. These results were confirmed by the 
values obtained for free amino acid nitrogen by use of ninhydrin. Though 
the initial nitrogen values obtained by the two methods show wide dif- 
ferences, the same relative rates of decline in the liberation of nitrogen were 
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maintained during the additional periods of autoclaving. This suggests 
that the major change in the protein occurs very rapidly, and that subse. 
quent changes are slow and small. 

Although the extent of the release of each of the various amino acids by 
enzymes (Table III) decreases with increasing duration of the heat treat- 
ment of the protein, the rate of release of the amino acids varied widely, 
Thus, based on the amount released from the raw pork, the amounts of the 
individual amino acids liberated from pork autoclaved for 5 minutes 
ranged from 96.6 per cent for arginine to 41.7 per cent for cystine. For 
the 24 hour autoclaving period, the release varied from 66.8 per cent 






































TaBeE III 
Effect of Autoclaving Pork at 113° upon Liberation of Amino Acids by Trypsin and 
Erepsin 
Amino Amino acids expressed as per cent in raw sample 
ee a | sr “4 
fenton sate per gm. ee 2 
cumple i. RF ol 1 hr. 2 hrs. | 4 hrs. 8 hrs. | Fact 
mg. | | 
NI i cas ta nin’ FE 9 8.4 | 96.6] 96.5] 92.8) 88.0) 87.0) 83.2) 74.0) 66.8 
I sce at 8 oka s Cores 14.2 | 96.5} 94.5) 83.5) 74.5) 67.5) 67.0) 64.5) 64.0 
eee ae ee 7.8 | 89.9] 85.5] 78.3] 70.5| 70.5| 65.5| 60.5] 56.5 
ED a et et eee 11.0 | 91.0) 83.6) 83.6) 77.2) 71.7| 65.4 59.0] 55.5 
ET i cncvahvei es Bataieat 16.2 | 89.5) 81.5) 74.7) 72.2) 69.0) 64.8) 59.6) 53.6 
Phenylalanine............... 5.9 | 83.0] 79.6| 78.0] 74.6] 71.3] 64.5] 62.8) 52.5 
NN 5 0. 55 S06 sXe date a 8.7 | 81.6] 78.3] 73.5] 67.9] 63.3] 57.5| 56.5) 51.7 
Tryptophan................. 2.1 | 71.5] 62.0] 57.2| 57.2) 52.4) 52.4) 52.4] 47.5 
Methionine................. 4.2 | 64.3] 50.5) 54.8] 50.0] 50.0) 47.6 45.3] 42.8 
ES er eer ee 6.5 | 62.8) 59.0 53.3} 54.3) 46.5 40.4) 38.7 
CP SEE OE ERE: AH 1.6 | 41.7| 35.0) 25.0) 18.7) 14.4) 8.2) 5.0) 1.2 




















for arginine to 1.2 per cent for cystine. The same relative extent of 
release was maintained for most of the amino acids regardless of the length 
of the autoclaving period. From these data it may be surmised that the 
utilization of the autoclaved protein may be less than that of the fresh 
because of the low availability of certain essential amino acids and be- 
cause of their unequal rates of liberation. For maximum utilization of 
the protein, all of the essential amino acids should be available at the same 
time (Melnick and Oser (6)). 

The occurrence of much larger amounts of amino nitrogen than of free 
amino acid nitrogen (nitrous acid versus ninhydrin values) suggests the 
presence of soluble peptides in the filtrates of the autoclaved samples. 
These are not readily diminished in quantity by prolonged enzyme treat- 
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ment; hence they may be assumed to be difficultly digestible by those 
enzymes which are capable of more completely converting the raw pork 
protein into free amino acids. The significance of such soluble but un- 
available peptides may be observed by studying the distribution of amino 
acids and amino nitrogen in various fractions of an enzyme-digested, cured, 
autoclaved pork sample (Table IV). The total amino acid content of the 
enzyme-digested sample is shown in Row 1, as the acid-treated meat di- 
gest. By filtration the suspension can be divided into the soluble and 
insoluble fractions, for which the amino acid contents are given in Rows 
4 and 6, respectively. 

The filtrate of the enzyme-treated pork gives much lower amino acid 
values (Row 4) than the same filtrates after acid treatment (Row 3), 
which is more evidence for a soluble but unavailable form of amino acid- 
containing compound. Row 5 lists the difference between the untreated 
filtrate (Row 4) and the acid-treated filtrate (Row 3), and, theoretically, 
represents the amount of amino acid in the soluble but unavailable com- 
pound. Although values obtained by difference are less satisfactory than 
those obtained by direct analysis, they are the only ones available until 
a separation of the free and bound amino acids can be effected. The 
magnitude of the values in Row 5, even if allowance is made for consid- 
erable experimental error, is sufficient to indicate that the composition 
of the soluble but unavailable fraction differs markedly from either that 
of the original protein or that of the available amino acids. This form 
represents more than 50 per cent of the methionine and 40 per cent of the 
cystine and threonine, but less than 10 per cent of the leucine and less 
than 20 per cent of the arginine, isoleucine, and valine. It is thus rich in 
methionine and cystine, two of the nutritionally important amino acids. 
It is possible that peptides not available to the microorganisms may not 
be accessible also to the higher forms of life; hence efforts were made to 
correlate values of digestibility in vitro with those in vivo. 

The effect of heat treatment of pork on the weight of the rats fed diets 
containing either the raw or one of the autoclaved meat samples is pre- 
sented in Fig. 1. Rats receiving the raw meat diet, Group I, showed the 
greatest gain in weight and the highest protein efficiency. This was to 
be expected since studies in vitro show the raw meat to be the most highly 
digestible. The rats fed the diet containing meat autoclaved 5 minutes, 
Group II, showed lower weight gains than did Group I, but the protein 
efficiencies were similar, being 3.2 and 3.0 for Groups I and II, respectively. 
Statistical analyses of the data indicated the differences in growth to be 
significant at the level of P = 5 percent but notat P = 1 percent. There 
were no significant differences between the protein efficiencies of these 
two groups (Table V). 
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Group III and Group IV, fed diets containing meat which had been 
autoclaved for 2 and 24 hours, respectively, showed even smaller gains 
and protein efficiencies. When compared to Group I, significant dif- 
ferences were obtained for these two groups. The addition of cystine to 
one of the diets containing meat which had been autoclaved for 24 hours, 
Group V, improved the diet slightly but did not restore it to normal. 
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Fie. 1. Growth rates of rats 


Clandinin (2) and Seegars and Mattill (8), using herring meal and beef 
proteins, respectively, showed by digestibility studies, both in vitro and 
in vivo, that the severely heated products were inferior to the corresponding 
raw samples. Their data are in agreement with those presented in this 
paper. 

No exact correlation can be drawn between the studies in vitro and in 
vivo, inasmuch as the former method has a tendency to exaggerate the 
heat effect during the short autoclaving intervals. In general, however, 
those samples showing the least digestibility in vitro are of the lowest 
biological value. While these data indicate general effects of heat upon 
digestibility in vitro and on the biological value of meat, it should be re- 
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membered that the treatment of most of the samples far exceeded the 
heating which is normally given meat. Since thin cans were used, es- 
sentially all of the meat was at the elevated temperatures for the full 
period of heating. Even under these conditions, autoclaving had to be 
continued for 2 hours before a clear cut decrease in protein efficiency was 
observed. Moreover, in the experiments in vivo, the rats fed the diets 
containing meat autoclaved for 2 or 24 hours consumed approximately 
half as much food as those fed the raw meat diet. For this reason it would 









































TaBLE V 
Evaluation of Biological Data 
Aver- | 
No. * Stand Significant md Stand | | ifi 
= > - a - Signi 
Group = ze _ ard tt Gbnace uty of B | ard it di eomuen 
No. in ue ous devia- between average | pro- | <9 |devia between 
group| §3 tion gains tein 38 tion | efficiencies 
o5 con- | 6% 
< sumed) a, 
gm. gm. gm. | “oe 
I| 8 | 49.8} 98.8} 27.8 30.4] 3.2) 0.32 | 
II 8 49.6} 70.8) 21.8) 2.24) Yes at 5% | 23.9) 3.0) 0.57) 0.086) No at 5% 
No “ 1% | 
III 8 | 50.0) 52.9] 16.9] 3.99} Yes “ 1% | 17.8) 2.6 0.37) 3.68 | Yes “ 1% 
IV | 8 | 49.5) 9.6) 7.2) 8.75) “ “ 1% | 14.3) 0.7] 0.38)14.40 | “ “ 1% 
Vi 4 | 49.8) 23.0] 2.7) 7.40) “ “ 1% | 15.9) 1.4 0.21] veo, SO 











Group I, raw meat; Group II, meat autoclaved 5 minutes; Group III, meat auto- 
claved 2 hours; Group IV, meat autoclaved 24 hours; Group V, meat autoclaved 24 
hours plus cystine. 

* The duration of the experiment was 4 weeks. 

t Data from each group were compared to those of the raw meat and premix group 
to obtain “‘Student’s’’ ¢ (Snedecor (7), p. 77). When there was a significant dif- 
ference between variance, modified ¢ tests were employed (Snedecor (7), p. 83). 


appear entirely feasible to conclude that decreased palatability of the 
product might be the reason for poor growth instead of or in addition to 
decreased digestibility. 


SUMMARY 


When non-protein nitrogen, the nitrogen of the free amino groups and 
of free amino acids, and the individual amino acid assays were taken as 
criteria of digestion, it was shown that increasing the periods of auto- 
claving from 5 minutes to 24 hours caused a progressive decrease in the 
digestibility of pork by trypsin and erepsin in vitro. The non-protein 
nitrogen showed a slow but steady decline throughout the entire series of 
tests. The free amino nitrogen and the free amino acid nitrogen showed 
a sudden drop in the digestibility of pork for the initial period, with a 
gradual decline thereafter. 


| 














d the 
d, es- 
e full 
to be 


y was 
: diets 
nately 
would 


2 07, 
1% 
‘41407 
1% 
‘14107 
1% 


it auto- 
aved 24 


X group 
ant dif- 
83). 


of the 
tion to 


ps and 
ken as 
f auto- 

in the 
protein 
eries of 
showed 


with a 














BEUK, CHORNOCK, AND RICE 1251 


There was much variation in the extent to which the amino acids could 
be liberated by enzymes from the autoclaved pork. The liberation ranged 
from 96.6 per cent for arginine and 41.7 per cent for cystine for the 5 minute 
period to 66.8 per cent for arginine and 1.2 per cent for cystine for the 24 
hour period. Except for arginine and leucine, the largest percentage de- 
crease of amino acids liberated occurred during the first 5 minutes of auto- 
claving, indicating that the effect of heat is rapid. 

The existence of soluble but unavailable peptides is indicated, since acid 
hydrolysis of filtered enzyme digests of autoclaved meat increased the 
amounts of amino acids available to the test microorganisms. These pep- 
tides contain appreciable quantities of certain essential amino acids. 

Rats fed a raw meat diet showed the largest average weight gain and 
protein efficiency, followed in order by rats fed diets containing meat 
which had been autoclaved for 5 minutes, 2 hours, and 24 hours. The 
addition of cystine to the diet containing meat which had been autoclaved 
for 24 hours resulted in only a slightly higher gain in weight and protein 
efficiency. 


The authors wish to thank Mr. E. E. Johnson for his calculation and 
interpretation of the statistical data. 


BIBLIOGRAPHY 


. Beuk, J. F., Chornock, F. W., and Rice, E. E., J. Biol. Chem., 175, 291 (1948). 

. Clandinin, D. R., Poultry Sc., 28, 128 (1949). 

. Koch, F. C., J. Biol. Chem., 84, 601 (1929). 

. Van Slyke, D. D., Dillon, R. T., MacFadyen, D. A., and Hamilton, P., J. Biol. 
Chem., 141, 627 (1941). 

. Jones, J. H., and Foster, C., J. Nutr., 24, 245 (1942). 

. Melnick, D., and Oser, B. L., Food Tech., 3, 57 (1949). 

. Snedecor, G. W., Statistical methods, Ames 4th edition (1946). 

. Seegars, W. H., and Mattill, H. A., J. Nutr., 10, 271 (1935). 


— wd re 


conker 


aw epteg te 


SEAT Toe ee 
































USE OF COPPER (II) ION IN MASKING «-AMINO GROUPS OF 
AMINO ACIDS 


By ALTON C. KURTZ 
(From the Department of Biochemistry, University of Oklahoma School of Medicine, 
Oklahoma City) 


(Received for publication, June 20, 1949) 


The use of ornithine copper in preparing DL-citrulline suggested (1) 
the wider application of chelation to synthetic work. Although ions 
other than copper which are capable of forming chelate rings with a-am- 
ino acids also mask the coordinated groups, the use of such ions ordinarily 
cannot be expected to be advantageous. The superiority of the cupric 
ion over others, such as cobalt (III) ion, lies in the ease with which stable 
complexes may be formed and in the facility with which the copper may 
be removed subsequently. The stable cupric complexes of amino acids 
may be formed simply by heating aqueous solutions of the latter with an 
excess of cupric carbonate, cupric oxide, or cupric hydroxide, but tests 
with cobalt demonstrated the troublesome necessity of oxidizing the co- 
balt to the trivalent state. The extremely low solubility of cupric sulfide, 
even in acidic solutions, permits the ready removal of copper from all of 
its complexes by treatment with hydrogen sulfide. 

Three diamino acids have been studied. Ornithine and lysine were 
selected because of their availability and because the reacting, terminal, 
amino groups in these compounds are structurally identical with the groups 
it was desired to mask at the @ position. This structural identity of the 
a- and w-amino groups should make tests of the masking ability of the 
cupric ion the more severe. The amino groups of a,y-diaminobutyric 
acid are sufficiently close together to permit, theoretically, the simultane- 
ous coordination of both reactive groups with a single cupric ion. If a 
chelate ring containing the 2 nitrogen atoms were formed, masking of both 
might be expected. ‘To determine whether such masking actually occurs, 
a,y-diaminobutyric acid was also studied. 


EXPERIMENTAL 


Carbamyl Derivatives—The procedures were analogous to that pre- 
viously described (1) for the preparation of pL-citrulline except that the 
amino acid solution, adjusted, when necessary, to pH 7 with sodium hy- 
droxide, was boiled with basic cupric carbonate rather than with cupric 
oxide. Excess cupric carbonate is more readily removed by filtration than 
is the oxide. 
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L-Citrulline (2)—-This was obtained in 78 per cent yield from the cop- 
per complex (57 per cent yield) prepared from t-ornithine dihydrochlo- 
ride. The active citrulline, which has a melting point of 221—222° (a)j 
melting points corrected) with decomposition and rotation unchanged 
by five recrystallizations from water plus ethanol, gave [a]sis = +4.3° 
(c = 0.20 m in water) and [algis = +25.9° (c = 0.20 m in 2.0 hydro- 
chloric acid). 


Analysis—CgHy,N;0;. Calculated, N 23.98; found, N 23.8 


L-Citrulline copper prepared from the amino acid by precipitation with 
cupric acetate solution turned gray above 210° and melted at 249-250° 
(decomposition). 

pi-Homocitrulline\—This was prepared from pt-lysine dihydrochloride 
in 57 to 67 per cent over-all yields.? Yields were highest when urea and 
lysine copper chloride were heated in a sealed bomb at 103-105° for 5 
hours; after 18 hours heating, the yield fell to 36 per cent. p1i-Homo- 
citrulline is faintly sweet and very soluble in water and insoluble in alco- 
hol and in ether. Crystals were elongated leaflets and melted at 222- 
224° with gas evolution. 


Analysis—C7HisN30; 
Calculated. C 44.48, H 7.98, N 22.20, amino N 7 


.40 
Found. * So F.GR; * Oe; pai hiak, & 


Aqueous cupric acetate added to a solution of the homocitrulline gave 
microscopic pale blue birefringent needles of pi-homocitrulline copper, 
which, dried over sulfuric acid, turned gray above 225° and melted at 
258° (decomposition). 


Analysis—(C;HiN;03)2Cu. Calculated, Cu 14.44; found, Cu 14.46 


L-Homocitrulline—The copper complex was prepared from L-lysine 
dihydrochloride in 80 to 86 per cent yields. The filtrate from cupric 


1 This compound, e-carbamyllysine, is mentioned in British patent 421,407 (1934), 
but is there described merely as having properties “‘similar to those of delta- 
carbamido-ornithine.”’ 

* This was for pL-lysine dihydrochloride prepared according to Eck and Marvel 
(3). Several commercial samples of lysine salt gave slightly lower yields and a 
single light brown sample of unknown history gave only dark solutions with 
pyridine-like odors from which no homocitrulline could be isolated. Thus it is 
evident that some commercial samples of lysine formerly supplied were of dubious 
purity. One sample of active lysine dihydrochloride purchased in 1937 contained 
large amounts of histidine as shown by its strong reaction with p-diazobenzene- 
sulfonic acid. 

* These yields were obtained on various domestic samples of active lysine dihy- 
drochloride; an imported sample gave only about 30 per cent yields. 
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sulfide was evaporated to dryness in vacuo. The t-homocitrulline was 
taken up in a little warm water and precipitated by the gradual addition 
of several volumes of acetone. Gels resulted if too little acetone was 
present in the final solutions. Yields of active homocitrulline from the 
copper complex averaged 94 per cent. Recrystallization from aqueous 
acetone gave aggregates of platelets, m.p. 211-212° (decomposition). 
Rotations were [a]iis = +6.9° (c = 0.20 m in water) and [als = +27.5° 
(c = 0.10 m in 1.0 m hydrochloric acid). 


Analysis—C;H,,N;0;. Calculated, N 22.20; found, N 21.3 


The copper complex, from cupric acetate and a dilute solution of L-homo- 
citrulline, turned gray above 220-225° and melted at 246-247° (decom- 
position). 


Analysis—(C7Hi,N;03)2Cu. Calculated, Cu 14.44; found, Cu 14.49 


L-a-Amino-y-carbamidobutyric Acid—This compound, next lower hom- 
ologue of citrulline, was isolated as the copper derivative in yields of 35 
to 69 per cent in runs of 0.005 to 0.03 mole when L-a,y-diaminobutyric 
acid dihydrochloride‘ was submitted to the sealed tube procedure. L-a- 
Amino-y-carbamidobutyric acid (yield 87 per cent from the complex) 
gave slightly sweet, colorless, elongated platelets from aqueous ethanol 
and melted at 225° with gas evolution. The compound was very soluble 
in water and insoluble in ethanol, ether, and acetone. A 0.20 M aqueous 
solution gave a rotation too small to read accurately, but, for a 0.20 m 
solution in 2.0 m hydrochloric acid, [a]%? = +27.9° and [alge = +33.0°. 


Analysis—CsH,,N;0;. Calculated, N 26.07; found, N 25.9 


DL-a-Amino-y-carbamidobutyric Acid—This was made from D1L-a,7- 
diaminobutyric acid dihydrochloride obtained from pui-glutamic acid (5). 


The compound was slightly sweet and melted and frothed vigorously at 
200-201° without darkening. 


Analysis—C;H,,N;0;. Calculated, N 26.07; found, N 25.5 


A new synthesis of citrulline was accomplished by adding 5 gm. of moist 
nitrourea (6) to the copper complex obtained from 5.0 gm. of pi-ornithine 
monosulfate in 30 ml. of water, with enough sodium hydroxide solution 
(dry sodium carbonate replaced the hydroxide in one experiment) to make 


‘Prepared by Adamson’s method (4) from t-glutamic acid, L-a,y-diamino- 
butyric acid dihydrochloride (37.2 per cent Cl calculated, 37.3 per cent Cl found) 
decomposed at 218-220° on rapid heating and gave [a] ?, = +17.6° (c = 3.04 
in water). 
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the mixture just alkaline to phenolphthalein.’ After 4 days standing at 
room temperature, 2.71 gm. of citrulline copper were filtered off and washed 
with water and with ethanol. 1 gm. of nitrourea added to the aqueous 
filtrate gave an additional 0.41 gm. of citrulline copper after standing sey. 
eral days longer. The total yield of copper complex was thus 55 per 
cent, somewhat lower than the usual yields by the sealed tube method, 
The crude pt-citrulline from different runs melted variously at 216-217° 
to 219-220° (decomposition). The substance was recrystallized for 
analysis. 


Analysis—CeHi;N;0;. Calculated, N 23.98; found, N 23.2 


w-Phenylcarbamyl Derivatives—These were prepared from 0.005 to 0.06 
mole lots of the copper complexes by agitating the copper derivatives in 
mildly alkaline aqueous solution with phenyl isocyanate (10 per cent 
excess) at ice bath temperature. The blue complexes precipitated and 
were filtered off, washed with water, and were then either washed at once 
with ethanol or dried and extracted with benzene to remove small amounts 
of carbanilide. The complexes were most easily decomposed by suspend- 
ing them in a known amount of dilute hydrochloric acid for the treatment 
with hydrogen sulfide; addition of an equivalent amount of dilute alkali 
to the copper-free filtrates precipitated the slightly soluble phenylear- 
bamyl derivatives. 

5-Phenylcarbamyl-pL-ornithine—This compound, obtained in 67 per 
cent yield from the copper salt, gave thin undulant ribbon-like platelets 
which melted and decomposed sharply at 243.5°. The ninhydrin reac- 
tion was strongly positive. The yields of the copper salt itself were 64 
to 85 per cent, and when reprecipitated in the usual way melted at 266- 
267° (decomposition). 


Analysis—C,2H17N30;. Calculated, N 16.72; found, N 16.4 
(Cy2HieN303)2Cu. Calculated, Cu 11.27; found, Cu 11.26 


e-Phenylcarbamyl-pu-lysine—This substance was isolated from the 
copper salt (91 per cent from lysine dihydrochloride) in a yield of 68 per 
cent, with small additional amounts recoverable in the mother liquors by 
precipitation with cupric acetate solution. On recrystallization from hot 
water, the phenylearbamyllysine gave birefringent square or rectangular 
platelets which, dried over phosphorus pentoxide, melted at 261° to a 
viscous bubbly mass. 
Analysis—C,;HigN;0;. Calculated, N 15.84; found, N 15.7 








5In testing dark blue solutions of copper complexes the phenolphthalein was 
spotted on a filter paper and a droplet of the unknown placed in juxtaposition. 
Diffusion of the blue solution into the reagent spot then made detection of faint 
alkalinity easy. 
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e-Phenylcarbamyl-ui-lysine—This was obtained in similar fashion in 63 
per cent over-all yield from t-lysine dihydrochloride. The substance 
crystallized from hot water in rectangular platelets which melted at 258° 
with decomposition. [a]? = +15.6° (c = 0.20 m in 2.0 m hydrochloric 
acid). 

Analysis—C,sHisN;03. Calculated, N 15.84; found, N 15.4 


t-a-Amino-y-phenylcarbamidobutyric Acid—The copper complex (87 
per cent yield from @,y-diaminobutyric acid dihydrochloride) gave 81 per 
cent of the phenylearbamyl amino acid. The substance was slightly sol- 
uble in 50 per cent ethanol and in water, from which it crystallized in radiat- 
ing needles or laths, melting at 233° with gas evolution. [a]? = +13.5° 
(c = 0.20 m in 2.0 m hydrochloric acid). 


Analysis—C,,Hi3N3:03;. Calculated, N 17.70; found, N 17.7 


Benzoyl, p-Nitrobenzoyl, and Phenylsulfonyl Derivatives—-These were 
prepared by direct application of Schotten-Baumann procedures to the 
copper complexes. The acid chloride in slight excess was added in portions 
to the refrigerated aqueous solution with vigorous agitation. p-Nitro- 
benzoyl chloride was dissolved in ether; the other halides were added as 
the substances. Sodium hydroxide, 1, 2, or 15 mM, was used for maintain- 
ing alkaline reactions.’ The acylation products precipitated as their 
copper derivatives and could be readily filtered off, washed, and decom- 
posed. The copper-free filtrates were concentrated to dryness in vacuo 
and the residues recrystallized from hot water, or, less efficiently, from 50 
per cent aquevus ethanol. 

§-Benzoyl-pL-ornithine—This was obtained in an average over-all yield 
of 72 per cent by the above procedure. When sodium bicarbonate in 
equivalent amounts was substituted for the sodium hydroxide, the yield 
of 6-benzoylornithine copper was only 45 per cent, whereas yields with 
sodium hydroxide approached the theoretical. 45-Benzoyl-p.-ornithine 
prepared by the copper method, 6-benzoyl-pi-ornithine prepared by acid 
hydrolysis of pt-ornithuric acid (7), and a mixture of the two, all melted 
and decomposed simultaneously at 243-248° when heated in one bath. 


Analysis—C,2HisN203. Calculated, N 11.86; found, N 11.9 
The regenerated copper complex melted at 264-265° with decomposition. 
Analysis—(Ci2HisN203),Cu. Calculated, Cu 11.90; found, Cu 12.13 


e-Benzoyl-pu-lysine-—This was obtained in over-all yields of 80 to 85 
per cent and recrystallized from hot water in thin birefringent rectangular 


* e-Benzoyl-t-lysine has been prepared in 120 gm. batches by slight modifications 


of the method previously described (8) for isolating u-lysine from protein hy- 
drolysates. 
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or elongated and striated hexagonal platelets, melting at 267—279° with de. 
composition. The melting point was also 267-269° when the compound 
was mixed with e-benzoyl-pL-lysine (m.p. 268-270°) prepared by aming. 
tion (3) of pL-a-bromo-e-benzoylaminocaproic acid. 


Analysis—C,3HisN20;. Calculated, N 11.20; found, N 11.0 


The copper complex, reprecipitated by cupric acetate, melted at 274° 
with decomposition after being dried over sulfuric acid. 


Analysis—(Ci3HizN203),Cu. Calculated, Cu 11.31; found, Cu 11.35 


L-a-Amino-y-benzoylaminobutyric Acid—This was obtained in 71 per 
cent over-all yield from 0.04 mole batches of L-a,y-diaminobutyric acid 
dihydrochloride. The substance recrystallized from water in leaflets with 
pearly luster, m.p. 241° with decomposition, which were soluble in dilute 
acid and in dilute alkali, but only slightly soluble in absolute ethanol, 
[a] = +17.3° (c = 0.20 m in 2.0 m hydrochloric acid). 


Analysis—CiHuN:0;. Calculated, N 12.61; found, N 12.4 


The copper complex gave rosettes of minute bladed needles which de 
composed suddenly at 263° after darkening slowly above 225°. 


Analysis—(Ci:Hi3N20;)2Cu. Calculated, Cu 12.56; found, Cu 12.54 


e-p-Nitrobenzoyl-pL-lysine—This was obtained in a single experiment in 
74 per cent over-all yield from pt-lysine dihydrochloride. ‘Twice recrys- 
tallized the acylated compound gave minute light yellow balls of radiating 
needles which melted at 242.5-243° with decomposition. 


Analysis—C.3Hi;N;0;. Calculated, amino N 4.74; found, amino N 4.8 


e-Phenylsulfonyl-pu-lysine—This was obtained in 78 per cent over-all 
yields when the reaction bottle was vigorously shaken manually during 
acylation, with the addition of a few short lengths of glass rod to aid dis 
persion of the phenylsulfonyl chloride. The ¢-phenylsulfonyllysine 


recrystallized from water in slowly formed aggregates of small rhombic or | 


hexagonal scales, m.p. 216-218° with decomposition. Reprecipitated 
e-phenylsulfonyl-pt-lysine copper melted at 243° (decomposition). 
Analysis—Ci2HisN:0,8. Calculated. N 9.79, S 11.20 


Found. eye ae 
(Ci2Hi7N20,8),Cu.”? Calculated, Cu 10.02; found, Cu 9.92 


e-Phenylsulfonyl-t-lysine—This was obtained in 56 per cent over-all 
yield when the reaction mixture was mechanically stirred during acylation, 


7 The corresponding copper derivative of phenylsulfonyl-t-lysine has been formu | 


lated (9) as (Ci:HisN20,8),Cu. 








eo oa @md Mm es & 


— ob ete be 


fe oF of 4 we OO 





th de. 
pound 
mina- 


‘1 per 
C acid 
s with 
dilute 
hanol, 


ch de- 


1ent in 





recrys- | 


diating 


over-all 
during 
aid dis- 
yllysine 





—— 


mbic or | 


ipitated | 


ihe 


over-all 
ylation, 


n formu: 


\ 





A. C. KURTZ 1259 


a procedure obviously not as efficient as the shaking mentioned above. 
The substance crystallized from water in aggregates of birefringent micro- 
scopic blades which melted at 219-221° with gas evolution but no dark- 
ening. [a]2° = +15.2°; [alge = +18.0° (c = 0.20 m in 2.0m hydrochloric 
acid). The reprecipitated e-phenylsulfonyl-t-lysine copper turned dark 
above 205° and melted at 238° with vigorous decomposition. 


Analysis—C,2HisN20.8. Calculated, N 9.79; found, N 9.8 
(Ci2Hi7zN20,8)2Cu. Calculated, N 8.83; found, N 8.7 


§-Phenylsulfonyl-pDL-ornithine—This was prepared in 63 per cent yield 
of the twice recrystallized substance from the copper complex, and the 
latter was obtained in 76 to 82 per cent yields from ornithine monosulfate. 
-Phenylsulfonylornithine gave brilliant thin leaflets, melting and decom- 
posing at 249° after drying over phosphorus pentoxide. 


Analysis—CyHisN20,8. Calculated, N 10.29; found, 10.3 


t-a-Amino-y-phenylsulfonylaminobutyric Acid—This was _ obtained 
through the copper complex (72 per cent yield) in 48 per cent over-all yield 
from L-a,y-diaminobutyric acid dihydrochloride. Recrystallized from 
water, the sulfonyl derivative gave rosettes of silky needles, melting at 
230-231° (decomposition). [a]*? = +22.7°; [algis = +24.3° (c = 0.20 
M in 2.0 m hydrochloric acid). 


Analysis—CwHuN,0,8. Calculated, N 10.85; found, N 11.3 


w-Guanyl Derivatives—Guany] derivatives of lysine and ornithine were 
prepared by allowing O-methylisouronium chloride or S-alkylisothiouron- 
ium salts* to react with the amino acid-copper complexes. The use of 
the former guanylating agent presented no special difficulties, but S-alkyl- 
isothiouronium salts gave pale grayish yellow to grayish green precipitates 
(probably copper mercaptides) during the course of the reaction, and lower 
yields of the desired products. Half a dozen variations of the experimental 
conditions (amount and rate of alkali addition, temperature, length of 
time allowed for reaction, agitation, and addition of mercuric oxide) failed 
to eliminate the unwanted precipitates, or to increase yields substan- 
tially. Only typical experiments are described below. 

DL-Arginine’—pDL-Ornithine monohydrochloride (10.1 gm.) was con- 
verted to its copper complex and the resulting solution (75 ml.) cooled 
and treated with 6.75 gm. of O-methylisouronium chloride. 32 ml. of 2 


*S-Ethylisothiouronium bromide, S-(n-butyl)isothiouronium bromide, and 
S-methylisothiouronium sulfate were used in different experiments. 

*Turba and Schuster (10) have recently described the conversion of 585 mg. 
of synthetic ornithine copper nitrate into arginine flavianate in 94.5 per cent yield 
by a method essentially similar to that given here. 
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M sodium hydroxide were then added and the whole allowed to stand at 
25-30°. After 5 days, the blue mixture was acidified with concentrated 
hydrochloric acid, copper removed by hydrogen sulfide, and the com. 
bined colorless filtrates and wash water were heated to boiling. When 
all the excess hydrogen sulfide had been removed, 15.7 gm. of flavianie 
acid dissolved in 100 ml. of hot water were added with vigorous stirring, 
pL-Arginine flavianate began to precipitate in a few seconds. The mix. 
ture was allowed to cool slowly, with occasional stirring, and was finally 


refrigerated overnight. The pL-arginine monoflavianate was filtered on | 


a Buchner funnel and washed twice with ice water, and weighed 22.6 gm. 
after being dried in air at 45-50°. The yield was thus 77 per cent of the 
ornithine taken. When twice as much (64 ml.) sodium hydroxide was 
added to the original reaction mixture, the color became green after 12 


hours and the final yield fell to 51 per cent. The pL-arginine monoflayi. | 


ero 


anates charred between 255° and 270° without melting. p1-Arginine 
hydrochloride was prepared from the flavianate by digestion in concen- 
trated hydrochloric acid, filtration, removal of water and hydrochloric 
acid by distillation in vacuo, addition of water, and decolorization with 
norit, followed by concentration to a thick syrup which was taken up in 
alcohol and neutralized with pyridine to pH 7, as estimated on a wet 
indicator paper. Arginine hydrochloride crystallized after refrigeration, 
and was filtered off and washed well with absolute ethanol and dry ether. 
Dried over phosphorus pentoxide, the pL-arginine monohydrochloride 
sintered slowly above 200° and melted at 223° (decomposition). The 
Sakaguchi reaction was positive. 


Analysis—CeHi4sN.O2-HCl. Calculated. N 26.59, Cl 16.83 
Found. ae, a 


pui-Arginine hydrochloride prepared as described above and L-arginine 
hydrochloride from gelatin were submitted to the action of partially pur: 
fied arginase (11) from desiccated fat-free liver powder in strictly paralle 
experiments. Equal amounts of the two arginine salts in identical volumes 
were incubated with arginase at 38° for 19 hours. Similar aliquots were 
then acidified with dilute acetic acid, heated to coagulate proteins, and 
centrifuged to provide clear aliquots to which glacial acetic acid and alee 
holic xanthydrol were added. The weight of washed and oven-dried 
dixanthydrylurea from the L-arginine was 107.0 mg.; from pL-arginine, 
55.8 mg. Dixanthydrylurea from t-arginine hydrolysate, from know 
urea, from DL-arginine hydrolysate, and a mixture of the latter two, al 








sintered and melted simultaneously at 256-259° to dark red liquids. 
pi-Homoarginine—5.55 gm. of S-ethylisothiouronium bromide wer 
added to the copper complex from 6.57 gm. of pt-lysine dihydrochlorié ) 
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in about 35 ml. of water. The mixture was cooled in an ice bath and 16 
ml. of 2 m sodium hydroxide were added. The mixture was stirred for 
5 hours by drawing air through it with a water pump. After being allowed 
to stand 2 days at room temperature, the mixture was acidified, copper 
and hydrogen sulfide were removed, and 9 gm. of flavianic acid were added 
to the hot filtrate. A red oil precipitated which crystallized on refrigera- 
tion.” After 2 days, the brilliant orange-red crystals were filtered off and 
washed successively with cold dilute hydrochloric acid and alcohol. The 
air-dried flavianate weighed 7.9 gm., a yield of 57 per cent. With twice 
as much sodium hydroxide in the reaction mixture the yield was 40 per 
cent. The pi-homoarginine monoflavianate, decomposing at 232°, was 
converted to the sulfate by stirring 14 gm. of it with 45 ml. of 3 to4m 
sulfuric acid until all the orange-red color was replaced by yellow. The 
refrigerated mixture was filtered and the flavianic acid washed with dilute 
sulfuric acid. The filtrate and washings were decolorized with norit and 
the colorless filtrate neutralized to pH 7 with saturated barium hydroxide 
solution. The filtrate from barium sulfate was concentrated in vacuo, 
the syrup washed out of the flask with a little hot water, and absolute 
ethanol was added. A colorless oil precipitated and crystallized overnight 
in the refrigerator. ‘The mother liquor was poured off and the precipitate 
dissolved in hot water. Addition of absolute ethanol reprecipitated the 
sulfate as an oil which crystallized in a few minutes on stirring and scratch- 
ing. The pi-homoarginine sulfate was dried over phosphorus pentoxide 
in vacuo at 100°, and thereafter intumesced slightly and became translu- 
cent at 190-210°; gas evolution became vigorous at 225-250°. The 
Sakaguchi reaction was positive. 


Analysis—(C7HigNO2)2-H2SO,. Calculated, N 23.62; found, N 23.0 


L-Homoarginine—O-Methylisouronium chloride (18 gm.) was added to 
the copper complex prepared from 35 gm. of t-lysine dihydrochloride in 
125 ml. of water. 21 ml. of 46 per cent (by weight) sodium hydroxide 
solution were then added to the cold mixture and the whole was allowed 
to stand at room temperature for 3 days. From the final copper- and 
sulfide-free filtrate 34.8 gm. of L-homoarginine monoflavianate were iso- 


On very rapid cooling or on prolonged standing in the refrigerator, the orange- 
red crystals of the presumed homoarginine monoflavianate were accompanied by 
yellow crystals which contained homoarginine, presumably as diflavianate. The 
nature of the yellow substance was not appreciated during the course of the experi- 
ments described, and it was only when the combined crops of yellow crystals from 
a number of runs were being worked up for the recovery of flavianic acid that the 
formation of the orange-red monoflavianate from them was observed. The yields 
stated for homoarginine must therefore be regarded as minimum yields, since they 
do not include the amounts recovered by working up the yellow crystals. 
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lated. 42 gm. of the flavianate gave 17.1 gm. of L-homoarginine mono. 
sulfate, which were dried over sulfuric acid. The yield, calculated as the 
sesquihydrate (12), was thus 74 per cent from the flavianate and 35 per 
cent from lysine dihydrochloride. The sulfate was dried over phosphorus 
pentoxide at 100°. It then gave a positive Sakaguchi reaction, and sin- 
tered and melted indefinitely at 183-188°. It gave the following rotations, 
[a]? = +6.15° (c = 0.20 m in water), [a]? = +16.9° (c = 0.10 m in 10 
m hydrochloric acid), and [aliss = +19.4° (c = 0.10 m in 1.0 m hydro. 
chloric acid). 


Analysis—(C7HigN,O2)2-H2SO,. Calculated, N 23.62; found, N 22.8 


Reprecipitated L-homoarginine monoflavianate, brilliant orange-red plate- 
lets, shrank and charred without melting at 247-254°. Benzilidene- 
L-homoarginine made from the sulfate (12) gave colorless rosettes, melting 
at 211-212° with decomposition, which retained a benzaldehyde odor even 
after prolonged washing with ether. 

Evidence for Structures Assigned—Evidence of the structure of the 
compounds synthesized by the copper method may be adduced by using 
various criteria. In each case when a substance made by the copper 
method could be directly compared with the same compound made by 
classical methods, the two were shown to be identical. This was origi- 
nally done for pt-citrulline (1) and in this paper for 6-benzoyl-pL-ornithine 
and for e-benzoyl-pt-lysine. Here it is also shown that p.L-arginine ob- 
tained by the copper method is hydrolyzed by arginase. 

Further evidence that the a-amino group was efficiently masked by 
copper was obtained by determining the conversion or non-conversion of 
phenylearbamyl derivatives to their corresponding phenylhydantoins. 
Thus 0.7 gm. of 6-phenylearbamyl-pL-ornithine, m.p. 243.5°, was evapo- 
rated to dryness on the steam bath with 15 ml. of concentrated hydrochlo- 
ric acid. The resultant gum was worked up to give 0.5 gm. of crystals 
with a melting point of 243-244°, which was undepressed when mixed with 
some of the original starting material. The failure to form a hydantoin 
demonstrated that the phenylearbamyl group could not have been on the 
a-amino group and must therefore have been on the 6-amino group. Fur 
ther, 6-phenylearbamyl-pL-ornithine was benzoylated to give 79 per cent 
a-benzoyl--phenylearbamyl-pL-ornithine (clustered blades from ethanol 
plus water, m.p. 188-189°; calculated for CyyHaiN30., N 11.82; found, 
N 11.7) which likewise failed to give any hydantoin. The melting point 
of my a-benzoyl-5-phenylearbamylornithine was undepressed when mixed 


with the product obtained by the action of phenyl isocyanate on a-benzoyl | 
pL-ornithine prepared by the method of Boon and Robson (13) and was 


depressed 20-25° when mixed with the product from the action of phenyl 
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isocyanate on 5-benzoyl-pt-ornithine prepared by the method of Sérensen 
et al. (7). 

Phenyl isocyanate reacted with 6-benzoyl-pL-ornithine prepared by the 
copper method to give 6-benzoyl-a-phenylcarbamyl-pL-ornithine, m.p. 
175° with gas evolution, and this in turn gave 76 per cent of the correspond- 
ing phenylhydantoin on evaporation with hydrochloric acid. 5-(y-Ben- 
zoylaminopropy!)-3-phenylhydantoin, flat prisms or needles from ethanol, 
m.p. 170-170.5°, was negative to the color test for phenylcarbamido groups 
described below; calculated for CygHigN;03, N 13.03; found, N 12.3. 

Evidence for the masking of a-amino groups in a,y-diaminobutyric 
acid must rest on somewhat different reasoning, since nitrogen analyses 
will not distinguish between the phenylhydantoins and their isomeric 
1-phenylearbamylpyrrolidones, both of which arise by similar treatment 
of their corresponding precursors. If a,y-diaminobutyric acid were to 
function as a tridentate group, both nitrogen atoms would be masked; if 
its function were bidentate, two alternatives arise. In the first instance, 
the two nitrogens would coordinate with cupric ion with consequent mask- 
ing of both. In the second case, copper would be chelated with oxygen 
and the a-nitrogen; chelation with oxygen and the y-nitrogen is unlikely 
in view of the failure of y-amino acids to give copper complexes (14). 
Therefore, if but 1 nitrogen is masked it must be in the a@ position as 
ascribed above. 

Corroboratory evidence for these ideas was found in the behavior of 
y-phenylearbamido-a-aminobutyric acid when evaporated to dryness with 
concentrated hydrochloric acid. The product, 1-phenylcarbamyl-3-amino- 
2-pyrrolidone hydrochloride (73 per cent yield of once recrystallized 
substance), gave rosettes of needles from water, in which it was much 
more soluble than in alcohol, m.p. 246-248° (decomposition); calculated 
for CyHig3N;02-HCl, Cl 13.86; found, Cl 13.85. The hydrochloride was 
converted to the free base, birefringent rectangular platelets, m.p. 105- 
106°, by neutralization with ammonium hydroxide. In dilute sodium 
hydroxide, the free base was less than one-eighth as soluble as its parent 
phenylearbamidobutyric acid and, unlike the latter, it immediately re- 
duced mercuric oxide formed by adding mercuric chloride to the alkaline 
solution. Repeated treatment with hot water hydrolyzed the pyrrolidone 
back to y-phenylearbamido-a-aminobutyric acid, m.p. 233-234° (decom- 
position), undepressed on admixture with the original y-phenylcarbam- 
ido-a-aminobutyric acid. Both the free base and the hydrochloride of 
1-phenylearbamyl-3-amino-2-pyrrolidone gave positive color reactions for 
phenylearbamido groups when submitted to the procedure described in 
the following section. Such reactions are negative in the isomeric phenyl- 
hydantoins and are positive here presumably only because of the ease of 
hydrolysis of the pyrrolidone. 
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Color Reaction for Compounds Containing Phenylcarbamido Groups— 
This reaction was developed and used during the course of this work as q 
rapid qualitative test. When compounds bearing the CsH;NHCONH— 
group are dissolved in 9 m sulfuric acid and a fragment of potassium 


TaBLeE I 
Color Reactions with Potassium Dichromate Given by Phenylcarbamide Derivatives and 


Related Compounds in 9 mu Sulfuric Acid 





Substance 





5-Phenylhydantoic acid............... 
3-Phenylhydantoin.. 
DL-a-Isopropy]-é- phenylhy dantoic acid... Ree PM co? 
5-Isopropyl-3-phenylhydantoin........... 
N-Phenylearbamyl-.-tyrosine............. 
5-(p-Hydroxybenzyl)-3-phenylhydantoin. . 
DL-a-n-Propyl-d-phenylhydantoic acid.... 
5-n-Propyl-3-phenylhydantoin.................. 
5-Benzoyl-a-phenylearbamyl-pL -ornithine. Ec RAT SO | 
5-(y-Benzoylaminopropy]l)-3-phenylhydantoin. . 
a-Benzoyl-é-phenylcarbamyl-pu-ornithine.................! 
6-Phenylcarbamyl-pt-ornithine........................... 
Di(phenylearbamy])-pu-ornithine........................ 
L-6-Phenylcarbamido-a-aminobutyric acid................ 
e-Phenylcarbamyl-pL-lysine.............. 
RE ee 
ee agit o6 buna 40 + 


“ee 


SSRN 2) ex. hls oN ess ave «tent, oy. Bees | 


Acetanilide Re heed fy ds a Kees an sods Sa 
a-N aphthylurea. pe ek. xs nh a 2 slag hie Giese sean 
Biuret.. 6 RNR NG ao os ais PaO Rd. t Sad oS | 
Ethyl allophanste. iss tae tania Nea k-4 haere aang ade ola dle wee | 
Hydantoic acid................ piss 
eo Gb vik a4 vince w a's, vaio ead Mae 
5-Phenyl-y-thiohydantoic acid........................... 
3-Phenyl-2-thiohydantoin..... 
Diphenylguanidine............... 


* Color reaction in seanenizeted. gelfiele acid. 





Color reaction 


Strong red 
Negative 
Strong red 
Negative 
Red 
Negative 
Strong red 
Negative 
Strong red 
Negative 
Strong red 


ce 


ce 


Red-violet 
Negative 
Red-violet* 
Negative 
Blue-violet* 
Negative 
Weak red* 
Bright green 
Negative 








dichromate subsequently added, a brilliant, intense red color develops # 
once. Depending upon the amounts of the materials taken, the colo 
may fade to a dirty brown within a few minutes, or it may persist for al 
hour or so. 
The reaction is evidently similar to that noted by Tafel (15) to be givel 





Massive dilution with water causes instant decolorizatio 
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by acetanilide, carbanilide, and the two isomeric N-ethylphenylureas in 
concentrated sulfuric acid when potassium dichromate is added. Acet- 
anilide and carbanilide give no color in 9 m sulfuric acid, and, even in the 
concentrated acid, the red color given by acetanilide is much less intense 
than that given by the phenylcarbamy] derivatives of amino acids. Table 
I gives the results of tests made on a number of compounds which are 
sufficiently closely related to the phenylearbamido compounds to make 
their behavior worth recording. In making the test, a few mg. of the test 
substance were dissolved in 1 ml. of the acid, shaken, and then a tiny grain 
of powdered, recrystallized potassium dichromate was added, and the 
whole again shaken. No substance which gave a color has been excluded 
from Table I, although many compounds of unrelated structures which 
gave negative tests are omitted. Inspection of Table I shows that 3-phe- 
nylhydantoins are uniformly negative to the test. 

Besides potassium dichromate, potassium permanganate was the only 
one of the several oxidizing agents tried which gave a color in the test 
with N-phenylcitrulline. Neither potassium dichromate nor potassium 
permanganate gave a color when the test substance was dissolved in con- 
centrated hydrochloric acid. Of the compounds thus far tested, any 
which gives a color in 9 m sulfuric acid also gives a color in concentrated 
acid, but the converse is not true. Therein lies the possibility of differ- 
entiating between the phenylcarbamido acids and certain other phenyl- 
ureido compounds such as carbanilide. 


DISCUSSION 


The experimental work recorded above is taken as adequate demonstra- 
tion of the previously suggested usefulness (1) of the copper method for 
masking a-amino groups to reagents which attack unprotected amino 
groups elsewhere in the molecule. Necessity for maintaining a neutral 
or alkaline medium during reactions is enforced by the instability of the 
copper complexes in more strongly acid solutions. In acid solutions, the 
amino nitrogen is coordinated with hydrogen ion instead of cupric ion. 
The results with the complex formed by a, y-diaminobutyric acid clearly 
indicate that the latter functions as a bidentate chelating group and that 
in the complex the carboxyl oxygen is far more firmly bonded to copper (II) 
than is the y-amino nitrogen. It follows, therefore, that the copper (II) 
complex of a,y-diaminobutyric acid is not analogous to complexes formed 
with 1 ,3-propanediamine. 

The copper method permits easy access to amino acid derivatives which 
may not be readily available otherwise. Syntheses of optically active 
citrulline and its homologues, and of active homoarginine, illustrate this. 
The preparation by ordinary methods of a derivative such as ¢-phenylsul- 
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fonyllysine may present unexpected difficulties (9) which do not exist for 
the copper method. The fact that many derivatives of the copper com. 
plexes are of low solubility facilitates their isolation, but lack of insoly. 
bility in the desired copper derivative does not preclude the use of the 


method when applied to the preparation of such substances as arginine | 
and homoarginine, which can be readily isolated subsequent to the removal | 


' 


of copper. When insoluble copper complexes are formed, yields tend to 
be greater when the solubility is less. 

Despite its many advantages, there are some conditions under which 
the copper method cannot be used. Thus far, all attempts to adapt the 
method to anhydrous media have been unproductive. Failures in the 
non-aqueous media which have been tried may be ascribed to low solv- 
bility of the initial copper complex in the solvent, to reduction of the cupric 


ion, and to competition by coordinating groups of the solvent for the copper | 


ion which thereby results in unmasking. Even in aqueous media, some 
reactions cannot be applied. Cyanamide, cold, and allantoin and guani- 
dine at 100° caused reduction of the copper. Thiourea precipitated 
cupric sulfide. Biuret appeared not to react and methylurea gave citrul- 
line when these were heated to 100° with ornithine copper sulfate in sealed 
tubes. Various alkyl halides refluxed for long periods with aqueous solu- 
tions of the copper complex of lysine and excess cupric carbonate yielded 
no identifiable N-alkyllysine. In one experiment, picryl chloride and ly- 
sine copper chloride gave a precipitate which could not be converted toa 
crystalline picryllysine. Phenyl isothiocyanate reacted only very slowly 
and incompletely on agitation with aqueous ornithine copper sulfate at 
room temperatures. 

In a number of instances in which the copper method was successfully 
employed, parallel experiments without copper demonstrated that difier- 
ent products resulted in the latter case. For example, several benzoyla- 
tions of pL-ornithine with 1 mole quantities of benzoyl chloride in the ab- 
sence of copper gave mixtures which presumably contained variable 

-amounts of the two isomeric benzoyl ornithines and ornithuric acid and 
which melted variously and at much lower temperatures than any of the 
components. It was thus shown that chelation with copper had a real 
directive influence on the entering group and that it was impossible to 
dispense with copper in these reactions. 

In the present work, masking of a-amino groups is emphasized, but 
further application of the method is certainly possible. Preliminary 
work has suggested that chelation by copper also masks the carboxyl 
group. Thus, in glutamic acid-copper complex, the y-carboxyl is left 


free for reaction while the chelated carboxyl is masked. This phase d 


the study on masking by copper is being further investigated. 
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SUMMARY 


1. Reactions of the copper complexes of lysine, ornithine, and a, y-di- 
aminobutyric acid with various reagents have been explored and the 
copper method has been shown to be a versatile and convenient means 
for masking the a-amino groups of these amino acids. Some limitations 
of the method are described. 

2. Optically active higher and lower homologues of citrulline have 
been prepared by the copper method. 

3. A new procedure with use of the copper method for preparing citrul- 
line has been presented which allows the synthesis to occur at room tem- 
perature. 

4. pL-Arginine has been regenerated from ornithine by a copper method 
and the reaction has been studied to find favorable conditions. 

5. t-Homoarginine has been prepared by direct methods from L-lysine 
copper. DL-Homoarginine has likewise been prepared by simpler pro- 
cedures and in better yields than in previously published methods. 

6. Evidence has been offered for the structures assigned to products 
obtained by reaction with the copper complexes of the amino acids studied. 

7. It has been shown that in a,y-diaminobutyric acid-copper complex, 
the copper is attached to a bidentate group containing the a-amino nitro- 
gen and the carboxyl oxygen. 

8. It has been suggested that the copper method may be useful for 
masking carboxyl groups as well as a-amino groups. 

9. A color reaction for compounds bearing phenylcarbamido groups 
has been described. 


BIBLIOGRAPHY 


1. Kurtz, A. C., J. Biol. Chem., 122, 477 (1937-38). 

2. Duschinsky, R., Compt. rend. Acad., 207, 735 (1938). Gornall, A. G., and 
Hunter, A., Biochem. J., 38, 170 (1939). 

3. Eck, J. C., and Marvel, C.S., J. Biol. Chem., 106, 387 (1934). 

4. Adamson, D. W., J. Chem. Soc., 1564 (1939). 

5. Bergmann, M., and Zervas, L., Biochem. Z., 203, 280 (1928). 

6. Org. Syntheses, coll. 1, 417 (1941). 

7. Sérensen, S. P. L., Héyrup, M., and Andersen, A. C., Z. physiol. Chem., 76, 
44 (1911). 

8. Kurtz, A. C., J. Biol. Chem., 140, 705 (1941). 

9. Gurin, 8., and Clarke, H. T., J. Biol. Chem., 107, 395 (1934). 

10. Turba, F., and Schuster, K., Z. physiol. Chem., 283, 27 (1948). 

ll. Hunter, A., Biochem. J., 38, 27 (1939). 

12. Greenstein, J. P., J. Org. Chem., 2, 480 (1937-38). 

13. Boon, W. R., and Robson, W., Biochem. J., 29, 2684 (1935). 

14. Fischer, E., and Zemplén, G., Ber. chem. Ges., 42, 4878 (1909). 

15. Tafel, J., Ber. chem. Ges., 26, 412 (1892). 





i ee i ee ee eS aS eS ee ae Sc ee aE eS eee eee 



































SYNTHESIS OF a- AND 8-GLUCOSE-1 ,6-DIPHOSPHATE* 


By THEODORE POSTERNAKt 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, June 27, 1949) 


Evidence was recently presented by Leloir et al. (2, 3) that phospho- 
glucomutase requires a coenzyme; its constitution was postulated to be 
that of glucose-1,6-diphosphate because of the acid lability of a part of 
its phosphorus and the formation of glucose-6-phosphate by hydrolysis. 
The coenzyme was isolated from biological material in an estimated purity 
of 70 per cent. These authors tried to synthesize glucose-1 ,6-diphosphate 
by interaction of acetodibromoglucose with silver phosphate; they re- 
port that they obtained an enzymatically active mixture containing 0.5 
per cent of the coenzyme. 

Theoretically glucose-1 ,6-diphosphate could be synthesized by intro- 
duction of a second phosphate group into suitable derivatives of either 
(a) glucose-6-phosphate or (b) glucose-l-phosphate. Both procedures 
were attempted, but the former proved much more successful than the 
latter. 

To avoid obvious complications due to the presence of a free phosphoryl 
group in the starting material, it was considered necessary to cover it by 
protecting groups which could be easily removed at a given stage of the 
synthesis. A suitable starting derivative was found in 1,2,3,4-tetra- 
acetyl-6-diphenylphosphono-§-p-glucopyranose (I) (4). It is known that 
in diphenylphosphono derivatives the phenyl groups are readily removed 
by reductive cleavage with hydrogen in the presence of platinum oxide 
catalyst (5). When this starting material was treated with hydrobromic 
acid in acetic acid solution, crystalline a-2,3 ,4-triacetyl-6-diphenylphos- 
phonoglucosyl bromide! (II) was obtained. This intermediate was then 
submitted to the reactions by which a-glucose-1-phosphate is synthesized 
from acetobromoglucose (6). By heating in benzene solution with tri- 
silver phosphate a compound was obtained which may have consisted 
mainly of a tertiary ester (III) (7). At this stage, it was found necessary 


* Part of the material in this paper was presented at the meeting of the Federation 
of American Societies for Experimental Biology in Detroit, April 22, 1949 (1). 

t Fellow of the Rockefeller Foundation. Present address, Ecole de Chimie, 
Lausanne, Switzerland. 

‘The @ configuration of this compound, which was to be expected, is confirmed 
by its strong dextrorotation [alp = +149°; [M]p = +89,550°. 
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to remove the phenyl groups by catalytic hydrogenation. The substance 
was afterwards treated with hydrochloric acid in methanol in order to 
remove acetyl groups and to hydrolyze partially the tertiary ester with the 
liberation of 2 glucose-6-phosphate molecules. The remaining glucose. 
1 ,6-diphosphate was finally isolated as the barium salt, which is mor 
soluble in cold than in hot water. This product gave correct analytical 
values. One-half of its phosphorus was acid-labile. The compound, 


CH2O0PO(0CgHs) 2 
0 


OAc 
(CosH2g011P)3P04 _Pt+H, HC) Nadu 





(III "1 


OAc | 
. CH20P0(O0CgH CH2OPO3H2 
(I) Ac AgsP0.4 2 ( 8 s)e 
HBr 0, 
Pt+H , NaOH 
tt 
Aco \ 94° OPO(OCeHs)2 HO \ °F a 


CH20P0(O0C¢gHs)o 
(VI) OAc 
(IV) 
(CgHs0) 20PO 
OAc r 


CH20P0sHe 


CH20PO(0CgHs)2 
II OAc 0) 0 
(3) OPO(0CeHs )2 0 
Pt+H , NaOH 
AcO OAc HO OH 
OAc OH 


(VIT) (Vv) 


which was non-reducing, had the expected reducing power after hydroly- 
sis. At high dilution, it activated phosphoglucomutase (1). 

While the procedure devised by Cori, Colowick, and Cori (6) gave only 
a-aldohexose-l1-phosphates in previous investigations, in the present case 
several pieces of evidence led to the conclusion that a mixture of a and § 
forms had been obtained: (1) The rotation ({a], = +12° to +35° at 
pH 8.0)? was lower than expected. (2) By incubation (8, 9) with radio- 
active glucose-l-phosphate and phosphoglucomutase, only a part of the 
phosphorus of these glucose-1,6-diphosphate samples exchanged with 


P2. This could be readily explained by the presence of certain amounls | 


2 All rotations, unless otherwise stated, are calculated for the free acid. 
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of the enzymatically inactive 8 form. (3) A sample was submitted to 
a mild acid hydrolysis (53 hours in normal sulfuric acid at 30°); 55 per 
cent of the 1-phosphate groups was removed. The remaining, more re- 
sistant glucose-1 ,6-diphosphate fraction had about twice as high a bio- 
chemical activity as the original mixture. This would suggest that the 
biochemically inactive 6 form is more easily hydrolyzed. 

The final proof of the presence of a mixture of a and 8 forms was af- 
forded by the separation of the components by fractional crystallization 
of the brucine salt. The 8 compound gave a more sparingly soluble salt. 
In this way, o-glucose-1 ,6-diphosphate (IV) could be isolated ({a], = +83° 
at pH 8.0). When it was incubated with phosphoglucomutase and 
radioactive glucose-1-phosphate, the radioactivity was evenly distributed 
(8, 9). 8-Glucose-1,6-diphosphate (V) had, at pH 8.0, [a], = —19° 
and was enzymatically inactive. 

Another difference between the a- and the 8-glucose-1 ,6-diphosphates 
is the rate of hydrolysis of their acid-labile phosphate. At 30°, in normal 
sulfuric acid, the first order velocity constant, K (2.3/1) log (A/(A — 2)), 
for the a-diphosphate is 0.00078; that for the 8 form is 0.00315 (Table 
I)? Under the same conditions, the hydrolysis constant of a-glucose-1- 
phosphate has been found to be 0.00336.4 The 6-phosphate group there- 
fore reduces the rate of hydrolysis, perhaps by ‘‘steric hindrance.” 

A more direct method for the synthesis of a-glucose-1 ,6-diphosphate 
was finally discovered. a-2,3,4-Triacetyl-6-diphenylphosphonoglucosyl 
bromide (II) was treated in benzene solution with silver diphenyl phos- 
phate. The phenyl groups were then removed from the amorphous con- 
densation product (VI) by catalytic hydrogenation in methanol, whereby 
about 30 per cent of the total phosphorus is split off as inorganic phos- 
phate, and the acetyl groups were removed by alkaline hydrolysis. The 
glucose-1 ,6-diphosphate obtained in this way proved to be the pure a 
form. This method of preparing a-glucose-1,6-diphosphate is simpler 
and gives a better over-all yield than the trisilver phosphate procedure. 
If the compound (VI) is hydrogenated in ethanol, 12 per cent only of 
inorganic phosphate is formed, but the final product contains about 25 
per cent 8 form and 75 per cent a form. These facts can be readily ex- 
plained by the assumption that the compound (VI) contains some 6 form 
(VII) which, when hydrogenated in methanol, is destroyed because of 
the greater rate of hydrolysis of the 6-1 ,6-diphosphate. 


* Wolfrom et al. (10) found that the hydrolysis constant of 8-glucose-1-phosphate 
is about 3 times greater than that of the a form. 

‘Cardini e¢ al. (3) observed that the hydrolysis constant of a-glucose-1-phosphate 
is 4.2 times greater than that of their partially purified coenzyme. 
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A similar procedure has been successfully applied to the synthesis of 
a-glucose-1-phosphate.°® 

The condensation of a-acetobromoglucose with two monosilver phos. 
phate derivatives, silver dibenzyl phosphate (10) and “monosilver phos. 
phate” (11), has been described. Inversion was shown to occur with 
formation of only 6-1-phosphate derivatives.6 Thus there is a remark. 
able difference between the two reagents mentioned above and silver 
diphenyl phosphate, which, in the reactions investigated, condenses with 
a-acetobromo sugars, in the main, without inversion. 

A synthesis of glucose-1 ,6-diphosphate was also attempted by a pro- 
cedure mentioned above; 7.e., by introduction of a phosphate group into 


TABLE I 
Hydrolysis Rates in 1 n Sulfuric Acid at 30° 
The hydrolyses were carried out in stoppered Klett tubes which contained 5 ee, 











of reaction mixture and were immersed in a bath at 30°. K = (2.3/t) logy 

(A/(A — 2)). 
: | a-G -diphosphate | 8-G Gitedeatinte |  wGhecoe-t-phenhaal 
Time | *Clupy labile PP ha wats y labile Py (24134 labile P) 
min | Sarde | Kx | Stet [ xxi | geome | xx 
45 |  (3.5)* | (0.588) * | 13.6 te Sea | tas 3.29 
120 8.9 | 0.775 | 30.6 | $8.04 | 82.2 3.22 
we | | 43.0 3.13 46.9 3.50 
270 | | 687.0 3.17 60.4 3.48 
300 21.2 | 0.791 
870 49.6 | 0.787 

Perr ee 0.784 | 3.15 3.36 





* Not included in the average. 


the 6 position of glucose-1-phosphate. An enzymatically active material 
was obtained by the Neuberg phosphorylation procedure (12); that is, 
by the action of phosphorus oxychloride on glucose-1-phosphate in al 
kaline solution.? However, the yields were small and the purity, after 
fractionation over the brucine and barium salts, was only 5 per cent. 


EXPERIMENTAL 


Analytical Methods—For analysis, the substances weve dried at 110°, 
in vacuo, over P.O;.8 Phosphorus was determined by the method d 


5 Unpublished experiments. 

6 8-Glucose-l-phosphate (10) and §-galactose-l-phosphate (11) have been pre 
pared by these methods. 

7 This experiment was carried out with Dr. E. W. Sutherland. 

* The analyses were in some cases performed on partially dried material. The 
figures were then corrected for the residual water content. 
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Fiske and Subbarow (13). The labile phosphate and the reducing power 
of the glucose-1 ,6-diphosphate samples were determined after 5 minutes 
hydrolysis at 100° in normal sulfuric acid. For assay of the reducing 
power, Nelson’s method (14) and Reagent 60 (15) were used, glucose-6- 
phosphate (G-6-P) being taken as a standard. 

a-2,3,4-Triacetyl-6-diphenylphosphonoglucosyl Bremide (II)—5.5 gm. 
of 1,2,3,4-tetraacetyl-6-diphenylphosphonoglucose (I), prepared accord- 
ing to Lardy and Fischer (4), were suspended in 6 cc. of glacial acetic acid 
saturated at 0° with dry hydrobromic acid. The mixture was left for 
24 hours at room temperature. If the suspension is frequently shaken, 
the compound will dissolve in $ hour. The solution was then diluted with 
12 ec. of ice-cold chloroform and shaken with 40 cc. of ice water. The 
chloroform layer was removed and the water solution was extracted with 
6 ec. of chloroform. The combined chloroform extracts were washed 
several times with small amounts of ice-cold water until the reaction was 
only faintly acid to Congo red paper. The chloroform solution was 
dried by shaking for a few minutes with anhydrous calcium chloride. 
The solution was concentrated by evaporation in vacuo at room tempera- 
ture. Crystals were obtained by slow addition of several volumes of 
petroleum ether to the concentrated chloroform solution and by letting 
the mixture stand for a few hours in the cold room. The product was 
filtered with suction and washed with petroleum ether. For recrystalli- 
zation the compound was dissolved in 6 cc. of chloroform and petroleum 
ether was added. The yield was 5.0 gm. and the product was of sufficient 
purity for subsequent use. The substance crystallizes in long needles 
and has a double melting point; it melts first at 74~75°, solidifies again, and 
then melts at 87—-88°. 


[a]> = +149° + 1.3° (c = 1.49 in chloroform) 
CogHos01:,P Br (601.4). Calculated. P 5.15, Br 13.30 
Found. ** 6.06, ‘* 13.53 


Preparation of a- and 8-Giucose-1 ,6-diphosphates by Condensation of (II) 
with Silver Phosphate 

4.7 gm. of the diphenylbromo compound (II) were dissolved in 14 ee. 
of dry benzene. 1.2 gm. (0.3 mole) of freshly prepared and finely pow- 
dered silver phosphate (7) were suspended in this solution. The mixture 
was refluxed with exclusion of moisture. Two additional portions of 
1.2 gm. of silver phosphate were added after 4 hour and after 1 hour. 
These three additions of silver phosphate were found necessary for com- 
plete removal of bromine from the solution. After 14 hours, the silver 
salts were filtered with suction on a sintered glass funnel and washed 
exhaustively with dry benzene. The combined benzene solutions were 
evaporated to dryness under reduced pressure (bath temperature 30°). 
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The last traces of solvent were removed after 5 to 6 hours in a high vae 
uum at room temperature. 

In order to remove the phenyl groups by catalytic hydrogenation, the 
brittle residue was first dissolved in 30 cc. of dry methanol. This solution, 
which was filtered to remove traces of silver salts, was shaken at room 
temperature and at atmospheric pressure with pure hydrogen in the 
presence of 500 mg. of platinum oxide (Adams’ catalyst). After 2 hours, 
as the uptake became slower, the hydrogenation was interrupted, and 250 
mg. more of platinum oxide were added. After 8 hours the theoretical 
quantity of hydrogen had been absorbed, and the solution was filtered to 
remove the catalyst and diluted to 100 cc. with methyl alcohol. No 
inorganic phosphate was formed during the hydrogenation. The mix- 
ture contained 333 mg. of organic P which was split by heating in norma] 
sulfuric acid to the extent of 20 per cent after 7 minutes and of 24.5 per 
cent after 1 hour. 

The next step was the partial splitting of the tertiary ester and of some 
of the acetyl groups. 1.6 cc. of concentrated hydrochloric acid were added 
to the solution, which was allowed to stand at room temperature. At 
hourly intervals, 0.1 cc. samples were withdrawn and analyzed for inorganic 
phosphate. After 11} hours the inorganic phosphate had risen to 5.6 
per cent of the total phosphate (7). 

Normal sodium hydroxide was then added to the solution until a per- 
manent pink color was obtained with phenolphthalein. Most of the 
methyl alcohol was removed by distillation in vacuo. The inorganic 
phosphate was then precipitated by an excess of magnesia mixture pre- 
pared with magnesium chloride. After neutralization with acetic acid, 
the solution was diluted to 200 cc. with water, and a concentrated solu- 
tion of 3.5 gm. of barium acetate was added. When the mixture was 
heated to boiling, barium glucose-1, 6-diphosphate separated as a flocculent 
precipitate which was filtered with suction while hot and washed succes- 
sively with boiling water, alcohol, and ether. An additional amount of 
material was obtained from the filtrate and wash water by adding 0.25 
volume of alcohol; the precipitate was separated by centrifugation and 
washed first with boiling water, then with alcohol and ether. The total 
combined yield was 0.7 gm. 

The compound was purified by reprecipitation. It was suspended in 
ice-cold water, and hydrochloric acid was cautiously added until solution 
was complete. The solution was made weakly alkaline with ammonia and 
heated to boiling in order to complete the precipitation of the barium salt, 
which was washed with hot water, alcohol, and ether. The solubility 
of the barium salt in hot water is about 0.1 per cent and 0.2 to 0.3 per 
cent in cold water. It has no reducing power, but reducing properties 
appear after a short acid hydrolysis. 
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C,H: 0012P2Ba2-H20 (628.8) 
Calculated. C 11.46, H 1.92, total P 9.85, labile P 4.93, G-6-P 41.36 
Found. “Tlie, “isn 2 Oe oo. or. 6 hee 


For the enzymatic assays, the barium salt was converted to the sodium 
or potassium salt in the following way: It was suspended in ice-cold 
water and dissolved with a minimum amount of hydrochloric acid, fol- 
lowed by the addition of the necessary quantity of sodium or potassium 
sulfate. After neutralization with sodium or potassium hydroxide, the 
barium sulfate was removed by centrifugation. 

Separation of a- and B-Glucose-1 ,6-diphosphates—This separation can 
be carried out by a fractional crystallization of the brucine salts. The 
salt of the 8 form is less soluble in water; the salt of the a form can be iso- 
lated from the mother liquor. 

An example of such a separation is the following. The starting ma- 
terial was the barium salt of a mixture which, as sodium salt, had [a], = 
+35° + 1° (c = 0.95, calculated as free acid in water). 

200 mg. (containing 18.0 mg. of P) of the finely powdered barium 
salt were suspended in 3 cc. of water, and 590 mg. of brucine sulfate were 
added. The mixture was heated, with constant stirring, for a few minutes 
at 70° and finally at 100°. It was centrifuged hot and the barium sulfate 
was exhaustively washed with hot water. Excess barium or sulfate ions 
must be removed from the liquid by addition of the minimum required 
amount of brucine sulfate or barium chloride. The solution (volume 
10 cc.) was left overnight at 25°. The crystals (200 mg.), consisting 
mainly of the brucine salt of the 8 form, were filtered with suction. They 
were recrystallized repeatedly from 100 times their weight of water. When 
the quadrangular plates were heated in a capillary tube, they sintered 
above 170° and decomposed without melting at about 185°. Their solu- 
bility in water is about 0.3 per cent at 23° and 0.18 per cent at 4°. 


[a]> = —30.4° + 1.6° (c = 0.64 in water) 
CeH14012P2(Co3H2g¢04Ne2)4. Calculated. N 5.84, P 3.23 
(1917.9) Found. ** 5.65, ** 3.18 


The mother liquor of the first crystallization of the brucine salt was 
evaporated to dryness in vacuo. The crystalline residue was washed with 
2 cc. of ice-cold water; it contained mainly the salt of the a form, contam- 
inated with some 8 form. In order to remove the latter, the crystals were 
dissolved in 5 cc. of water, and the solid, which crystallized at room tem- 
perature, was removed. The purity of the soluble fraction can be checked 
polarimetrically. If its specific rotation is more negative than —18°, the 
fractionation has to be repeated as described above. The mother liquors 
from the recrystallizations of the salt contain mixtures of a and 8 forms 
which can be separated by the same procedure. 
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The purified brucine salt of a-glucose-1 ,6-diphosphate crystallizes out of 
a concentrated hot aqueous solution in elongated prisms. When heated 
in a capillary tube, it behaves in the same way as the 8 salt. 


[a]>p = —16.3° + 1.3° (c = 0.80 in water) 
CeH14O12P 2(CosH 2 OqNo) a. Calculated. N 5.84, P32 
(1917.9) Found. “O67, *" S20 


In order to transform the brucine salts into the sodium salts, sodium 
hydroxide was added to » suspension in water of the brucine salt until a 
permanent pink color was obtained with phenolphthalein. The solution 
was then exhaustively extracted with chloroform in order to remove 
brucine, and the pH was adjusted to 8.0. 

For conversion into the barium salts, excess barium acetate was intro- 
duced into the solution of the sodium salt. In order to precipitate the 
barium salt completely, 1 volume of alcohol was added. The precipitate 
was washed successively with 50 per cent alcohol, absolute alcohol, and 
ether. 


a Form—Sodium salt, [«#]> = +83° + 4° (c = 0.229, calculated as anhydrous 
free acid in water). 
C.Hw012P2:Baz-H:0 (628.8) 
Calculated. Total P 9.85, labile P 4.93, G-6-P 41.36 
Found. ie | ~ “iy ~ ae 
6 Form—Sodium salt, [a]> = —19° + 2° (c = 0.373, calculated as anhydrous free 
acid in water). 
CeH10012P2Ba2-2H20 (646.8) 
Calculated. C 11.14, H 2.18, total P 9.58, labile P 4.79, G-6-P 40.22 
Found. sh a ° “t. - “ta. *. Be 


Preparation of a-Glucose-1,6-diphosphate by Condensation of (II) with 
Silver Diphenyl Phosphate 


Silver Diphenyl Phosphate—5 cc. (6.35 gm.) of diphenyl chlorophos- 
phonate (5) were heated on a water bath with 20 ec. of 2.5 N sodium 
hydroxide until it was completely dissolved. After neutralization to 
phenolphthalein with concentrated nitric acid, 50 cc. of water and 85 ce. 
of 10 per cent silver nitrate were added. The solution was heated to 
boiling and filtered hot to remove the silver chloride. After cooling, the 
fine needles (yield 4.6 gm.) were filtered with suction and recrystallized 
from 100 cc. of hot water. The compound was finely powdered and dried 
at 100°. 

a-Glucose-1 ,6-diphosphate—0.6 gm. of a-2 ,3 ,4-triacetyl-6-diphenylphos- 
phonoglucosyl bromide (II) were dissolved in 2 cc. of dry benzene. 0.36 
gm. (1 mole) of silver diphenyl phosphate was added and the mixture was 
refluxed for 15 minutes with exclusion of moisture. 0.2 gm. more of 
silver diphenyl phosphate was then added and the refluxing continued 
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for 30 minutes. The silver salts were removed by centrifugation and 
washed exhaustively with benzene. The solvent was removed from the 
combined benzene solutions by distillation in vacuo. The residue con- 
taining the 2,3 ,4-triacetyl-1 ,6-di(diphenylphosphono)-glucose (VI) could 
not be crystallized. For purification, it was dissolved in a small amount 
of chloroform and reprecipitated with petroleum ether. It was then re- 
dissolved in 10 cc. of anhydrous methanol. This solution, which was fil- 
tered to remove traces of silver salts, was hydrogenated in the presence 
of 200 mg. of platinum oxide. The theoretical amount of hydrogen (16 
moles) was absorbed in 1 hour. After filtration to remove the catalyst, 
normal sodium hydroxide was added until a permanent pink color was 
obtained with phenolphthalein. A gummy precipitate separated which 
was dissolved by addition of water. The solution, which contained 
53 mg. of total phosphorus and 16 mg. (30 per cent) of inorganic 
phosphorus, was concentrated in vacuo in order to remove methanol and 
cyclohexane. The inorganic phosphate was precipitated with an excess 
of magnesia mixture prepared from magnesium chloride. The pH of the 
filtered solution was adjusted to 8.5 with acetic acid. 0.5 gm. of barium 
acetate was added in concentrated solution and the mixture (20 cc.) was 
heated to boiling for 2 to 3 minutes. The precipitated salt was centri- 
fuged hot and washed successively with hot water, alcohol, and ether; 
after being dried by air, the yield was 115 mg., which contained 9.0 per 
cent total P and 4.2 per cent labile P. Enzymatic assays showed the 
substance to be fairly pure a-1,6-glucose diphosphate. 

For final purification, the compound was transformed into its brucine 
salt; yield 300 mg. The elongated prisms were recrystallized twice from 
10 times their weight of water. Their properties are similar to those 
indicated above for the brucine salt of a-glucose-1,6-diphosphate ob- 
tained by separation of the mixture of the a and 8 forms. 


CH 14012P2(Co3H2g04Ne2)4 (1917.9), Calculated, P 3.23; found, P 3.24 
[a]> = —17.7° + 0.8° (c = 1.285 in water) 


The brucine salt was converted first to the sodium salt. 
[a]> = +80.3° + 2.4° (c = 0.406, calculated as anhydrous free acid in water) 


The barium salt was then obtained from a solution of the sodium salt. 


C,H 00,2P2Ba.-H.O (628.8) 
Calculated. C 11.46, H 1.92, total P 9.85, labile P 4.93, G-6-P 41.36 
Found. “* 11 62." 1.36, * “ete |, 


When the compound (VI) was hydrogenated in ethanol, only 12 per 
cent inorganic phosphate was formed and the final yield was about twice 
as great. However, the isolated glucose-1,6-diphosphate had, as the 
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sodium salt, a rotation of [a], = +55°, which indicated that it contained 
25 per cent of the 8 form. The separation of the components could be 
carried out by fractional crystallization of the brucine salts as described 
above. 


SUMMARY 


Two procedures are described for the synthesis of glucose-1 ,6-diphos- 
phate. The starting material in both procedures is a-2,3,4-triacetyl-6- 
diphenylphosphonoglucosy]! bromide (II) prepared by treatment of 1 ,2,3, 4- 
tetraacetyl-6-diphenylphosphono-8-p-glucose with hydrobromic acid. 

A mixture of a- and £-glucose-1 ,6-diphosphates was obtained by con- 
densation of the bromo compound (II) with trisilver phosphate, followed 
by catalytic hydrogenation and partial acid hydrolysis. The a and 8 
forms were separated by fractional crystallization of the brucine salts. 

Condensation of the bromo compound (II) with silver diphenyl] phos- 
phate, followed by catalytic hydrogenation and alkaline hydrolysis, 
afforded a better yield of a-glucose-1 ,6-diphosphate. 


Grateful acknowledgment is expressed to Dr. E. W. Sutherland for 
the enzymatic assays, to Dr. Mildred Cohn for counting the radioactive 
samples, and to Professor C. F. Cori for his interest in this work. 
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ACTIVATION OF PHOSPHOGLUCOMUTASE BY METAL- 
BINDING AGENTS 


By EARL W. SUTHERLAND 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, June 27, 1949) 


Cysteine, glutathione, and other reducing agents have been used to acti- 
vate phosphoglucomutase (1, 2), especially crystalline mutase, which was 
found to be essentially inactive without the addition of cysteine (2). It 
has been found that cysteine can be replaced by a number of metal-binding 
agents which approach or equal cysteine in effectiveness. This activation 
by metal-binding agents has been demonstrated with mutase from skeletal 
muscle, heart muscle, and yeast and is described in this paper. A sum- 
mary of these findings has been reported previously (3). 


Methods and Preparations 


The conversion of glucose-l-phosphate (G-1-P) to glucose-6-phosphate 
(G-6-P) was measured by the disappearance of labile phosphate; that is, 
organic phosphate hydrolyzed by normal sulfuric acid during a 5 minute 
period in a boiling water bath. The inorganic phosphate liberated was 
then determined by the method of Fiske and Subbarow (4). In some 
experiments formation of G-6-P was also measured by the appearance of 
material able to reduce alkaline copper reagents such as the Nelson re- 
agent (5). The usual reaction mixture contained 6 X 10-* m G-1-P and 
15 X 10-* m magnesium sulfate. When cysteine was used, its final 
molarity was 1.2 X 10-*. The enzyme preparation was added to a mix- 
ture of sufficient volume to permit subsequent withdrawal of aliquots 
over a period of time. The temperature of incubation was either 30° 
or 37°. 

Crude mutase was prepared by heating water extracts of skeletal or 
heart muscle 20 minutes at 52° and then removing the denatured protein 
by filtration. Crystalline mutase was prepared from rabbit muscle as 
described by Najjar (2). The first crystals were recrystallized once or 
twice before use. Yeast mutase was found to be enriched in a protein 
fraction from yeast which represented an intermediate step in the prepara- 
tion of Zwischenferment as described by Negelein and Gerischer (6). 
Washed and dried brewers’ yeast was extracted with 3 volumes of water 
for 5 hours at 37°, centrifuged, and filtered. Two isoelectric precipitates 
at pH 4.6 and 8.9 were discarded. The protein fraction precipitating be- 
tween 0.4 and 0.6 saturated ammonium sulfate was collected and this 
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fractionation was repeated a second time. The precipitate was dissolved, 
made 0.4 saturated with ammonium sulfate, and heated for 1 hour at 
40°. Denatured protein was discarded and the solution was dialyzed 
for 19 hours against distilled water.' This preparation is very similar to 
one which has been used for the preparation of the enzyme from aqueous 
extracts of muscle. 

Glucose-1-phosphate was prepared chemically by the method of Cori, 
Colowick, and Cori (7), or enzymatically with starch, inorganic phosphate, 
and phosphorylase from potatoes or from rabbit muscle.? 


EXPERIMENTAL 


When amorphous, zinc-free, or well dialyzed crystalline zinc insulin 
was added to muscle mutase, either crude or purified, the rate of the 
enzymatic reaction was increased. This stimulation occurred in the ab- 
sence of cysteine, required relatively large amounts of insulin, and was 
non-specific in the sense that other proteins, e.g. crystalline albumin, could 
be substituted for insulin. By contrast it was found that non-dialyzed 
zine insulin inhibited mutase. This inhibition is probably caused by zine 
ions, to which the enzyme is quite sensitive (Table I). It suggested more- 
over that the activation of mutase by proteins and by cysteine represented 
a metal-binding effect. A number of heavy metal-binding agents were 
therefore investigated; they differ from cysteine, which is also a heavy 
metal binder, in having no reducing action. 

Histidine was found to be more effective than insulin (Fig. 1), and in 
larger concentrations (0.04 m) approached cysteine in the degree of activa- 
tion of mutase. Histamine was less effective than histidine, while carno- 
sine had no activating effect. (Fig. 1). 

Diphenylthiocarbazone (dithizone) is a metal-binding agent which is 
almost insoluble in water, but can be used in carbon tetrachloride solution. 
When the complete reaction mixture was shaken with carbon tetrachloride 
containing 0.01 per cent dithizone, a rapid enzymatic reaction took place, 
while the control, which was shaken with the same amount of carbon 
tetrachloride containing no dithizone, showed no reaction at all (Fig. 2). 
8-Hydroxyquinoline, being more soluble in water, could be added directly 
to the reaction mixture and approached optimal amounts of cysteine in 
effectiveness (Fig. 2). Activation by 8-hydroxyquinoline or cysteine could 
also be demonstrated with mutase from heart muscle and from yeast 
(Fig. 3). In contrast to the mutase preparations of mammalian tissues 
that of yeast showed considerable activity in the absence of metal-binding 

1 Dr. M. Slein kindly provided a sample at this stage. 


2 The preparations used contained glucose-1,6-diphosphate in amounts sufficient 
to give maximal activation with respect to this coenzyme. 
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TaBLeE I 
Effect of Metal Ions on Activity of Yeast Mutase 


The reaction mixture consisted of 6 X 10~* m glucose-1-phosphate and 1.5 X 10-* m 
magnesium ions. No metal-binding agents were added. 








| . 
Concentration of metal, final 
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Fie, 1. Effect of histidine, insulin, and carnosine on crystalline phosphoglucomutase. 
The reaction mixtures contained enzyme, 6 X 10-3 m glucose-l-phosphate, and 
15 X 10"? m magnesium ions. The final concentration was 0.024 m for histidine in 
the first experiment and 0.032 m for histidine and carnosine in the second experi- 
ment. Crystalline zine insulin was dialyzed 18 hours against acidified distilled 
water, and was then added to give a final concentration of 1.3 mg. per ml. 


agents. The inhibition caused by the addition of small amounts of zinc 
1ons was completely overcome by the addition of the metal-binding agents 


(Fig. 3). 
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In several experiments with yeast mutase varying amounts of metal 
ions were added to the reaction mixture, which included 1.5 & 107 y 
magnesium ion but no metal-binding agent. Metal ions which inhibited 
the yeast enzyme in low concentrations were zinc, lead, copper, mercury, 
and silver (Table I). Copper and silver ions partially inhibited the spon- 
taneous activity of the yeast mutase at 5 X 10 M concentration, but, since 
other proteins were present as impurities, the enzyme might actually be 
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Fic. 2. Effect of dithizone, cysteine, and 8-hydroxyquinoline on crystalline 
phosphoglucomutase. The reaction mixtures contained enzyme, 6 X 10~* M glucose 
1-phosphate, and 1.5 X 10-* m magnesium ions. In the first experiment the reaction 
mixture was shaken with carbon tetrachloride alone in the control and with carbon 
tetrachloride containing 0.01 per cent dithizone in the other. In the second experi- 
ment the final molarity of cysteine was 0.025 and that of the 8-hydroxyquinoline 
0.002. 


considerably more sensitive to these metals. Crystalline mutase could not 
be used in such experiments because it was inactive without the addition 
of metal-binding agents. This is presumably due to the presence of traces 
of heavy metal. The inhibition of yeast mutase by metal ions was re- 
versible under the conditions tested; 7.e., after complete inhibition of 
the mutase reaction was obtained with metal ions, addition of metal- 
binding agents restored the rate to that of the original uninhibited re- 
action. 

Since the marked sensitivity to metals suggested involvement of sulfhy- 
dryl groups, the effect of iodoacetate was investigated. When 1 X 10° 
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ut iodoacetate was added directly to the reaction mixture, no inhibition 
was noted. However, when the yeast enzyme was preincubated with 
2X 107° m iodoacetate for 10 minutes at room temperature before addi- 
tion to the reaction mixture, an inhibition was observed which amounted 
to about 50 per cent. 
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Fic. 3. Effect of metal-binding agents on phosphoglucomutase from heart (first 
experiment) or yeast (second experiment). The reaction mixtures contained enzyme, 
6 X 10-* m glucose-1-phosphate, and 1.5 X 10-? mM magnesium ions. In both experi- 
ments the final molarity of cysteine was 0.02 and that of 8-hydroxyquinoline 0.003. 
When added, zinc ions were present in a final concentration of 5 X 10-5 M. 


DISCUSSION 


Apart from metal-binding agents, phosphoglucomutase requires glucose- 
1 ,6-diphosphate for its activity (see the following paper (8)). The ex- 
periments reported in this paper were carried out in the presence of suffi- 
cient glucose-1 ,6-diphosphate to saturate the enzyme with respect to this 
cofactor. In the absence of metal-binding agents, 1 ,6-diphosphate, even 
in a final concentration of 2 X 10-* M, failed to activate crystalline mutase. 

Cysteine, which is a reducing agent as well as a mecal-binding agent, 
was found to be slightly more effective than other metal-binding agents. 
It is known from work with other enzymes (phosphorylase, glyceralde- 
hyde phosphate dehydrogenase) that the “reducing action” of cysteine 
as Measured by the increase in enzyme activity is not instantaneous but 
requires 5 or more minutes for completion. By contrast phosphogluco- 
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mutase shows a rapid decrease in activity when it is exposed to the r. 
ducing action of cysteine. In order to obtain maximal activation of 
mutase with cysteine, the latter must not be in contact with the enzyme 
prior to the start of the reaction (2). It therefore seems probable that 
cysteine activates mutase merely in its capacity as a metal binder. 
Since proteins are metal-binding agents, crude mutase preparations in 
general show less need of metal-binding agents than do purified prepara. 
tions. With a relatively crude yeast fraction, addition of metal-binding 
agents increased the activity by about 50 per cent. Addition of small 
amounts of heavy metal ions magnified the effect of metal-binding agents, 
Much stronger activation by metal-binding agents was observed with 
crude mutase preparations from heart or skeletal muscle. Such differ- 
ences may in part be accounted for by the capacity of the contaminating 
proteins to bind metal ions. That muscle extract contains a protective 
protein fraction has been observed previously (9). The crystalline en- 
zyme from muscle is apparently extremely sensitive to traces of heavy 
metal, since it is completely inactive in the absence of metal-binding agents. 


SUMMARY 


Phosphoglucomutase from skeletal muscle, heart, or yeast can be ac- 
tivated by metal-binding agents. Various proteins (zinc-free insulin, serum 
albumin) exert such an effect which is not, however, maximal. Zinc 
insulin causes inhibition, since the enzyme is quite sensitive to zinc ions 
(as well as to copper, mercury, and silver ions). Histidine, diphenyl- 
thiocarbazone, and 8-hydroxyquinoline were found to activate the en- 
zyme nearly as effectively as cysteine. The activation by these metal- 
binding agents is distinct from the activation by glucose-1 ,6-diphosphate. 


The author wishes to thank Dr. Carl F. Cori and Dr. Gerty T. Cori for 
advice and encouragement during the course of this investigation. 
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THE MECHANISM OF THE PHOSPHOGLUCOMUTASE 
REACTION 
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(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, June 27, 1949) 


Although many samples of glucose-l-phosphate had been prepared in 
this laboratory in the last 12 years, it was not until recently that an unusual 
observation was made with one of them. This sample was found by Dr. 
Najjar to be inactive as substrate for phosphoglucomutase, while it re- 
tained its full activity as substrate for phosphorylase. In pursuit of this 
observation other preparations of glucose-l-phosphate, both natural and 
synthetic, were tested with phosphoglucomutase. It was found that these 
preparations varied in the rate of conversion to glucose-6-phosphate from 
maximal activity to a barely perceptible rate of enzymatic conversion. 
Addition of an active to an inactive sample of glucose-1-phosphate re- 
sulted in a rapid disappearance of both, suggesting that the active sample 
contained a hitherto unrecognized activator for the phosphoglucomutase 
system. 

It would undoubtedly have been a difficult problem to establish the 
nature of this activator, but this was brilliantly solved by Leloir and co- 
workers (1, 2) when they suggested that the activator might be glucose- 
1 ,6-diphosphate. 

By way of confirmation, and because of the interest of this laboratory 
in both the enzyme and the 1-phospho sugars, it was thought appropriate to 
attempt a synthesis of this compound. Methods for the preparation of 
a-glucose-1 ,6-diphosphate are described in a preceding paper (3). On 
addition of catalytic amounts of this compound to inactive samples of 
glucose-1-phosphate, the rate of conversion reached that observed with 
active preparations of glucose-1-phosphate alone. 

The mode of participation of glucose-1 ,6-diphosphate in the transforma- 
tion of glucose-1-phosphate to glucose-6-phosphate was studied by means 
of isotopic tracers. P®? was used to label the phosphate group and C™ 
to label the glucose moiety of glucose-l-phosphate. On incubation with 
crystalline phosphoglucomutase and non-isotopic glucose-1 ,6-diphosphate, 
equilibration of the phosphorus and carbon between the two hexose mono- 
phosphates and the diphosphate was observed. 
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Activation of Phosphoglucomutase Reaction 


Effect of Different Samples of Glucose-1-phosphate—The test system for 
phosphoglucomutase activity has been described in detail previously (4), 
Metal-binding agents and Mg ions are necessary for full enzyme activity, 
but, even when they are present in optimal amounts, one still observes 
that various samples of glucose-1-phosphate, either synthetic or natural. 
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Fic. 1. Rate of conversion of inactive glucose-l-phosphate to glucose-6-phos- 


phate with and without the additon of active glucose-l-phosphate in a phospho- 
glucomutase (yeast) reaction mixture. The active sample was added to the inactive 
sample at the start of the reaction in the top curve, after 33 minutes of incubation 
in the center curve, and at 33 minutes to the active sample in the bottom curve. 
The ordinate scale represents Klett-Summerson colorimeter readings. 


differ greatly in their rate of conversion to glucose-6-phosphate. This 
applies to relatively crude enzyme preparations from yeast (4) as well as 
to crystalline phosphoglucomutase from rabbit muscle (5). Figs. 1 and 
2 show typical experiments with these two enzyme preparations. In 
Fig. 1 colorimeter readings (Klett-Summerson) rather than per cent con- 
version of glucose-l- to glucose-6-phosphate are plotted against time in 
order to permit direct comparison of rates of conversion in the presence 
of varying amounts of substrate. It may be seen that the addition of 
active to inactive glucose-1-phosphate allows the latter to be attacked by 
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the enzyme. Furthermore, the addition of the active to the inactive 
sample, either at the start of the reaction or after 33 minutes of incuba- 
tion, increased the rate of conversion of the mixture to that of the active 
sample alone. The same result is obtained when a catalytic amount of 
glucose-1 ,6-diphosphate is added to inactive glucose-1-phosphate, as shown 
in the next section. 
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Fie. 2. Rate of conversion of inactive glucose-1-phosphate to glucose-6-phosphate 
with and without the addition of glucose-1,6-diphosphate in a phosphoglucomutase 
(muscle) reaction mixture. The concentration of glucose-1,6-diphosphate was 
1.7 X 10-* min Curve 1 and 8 X 10-*min Curve 2. Curve 3 shows the rate of con- 
version of the active sample of glucose-1-phosphate used in Fig. 1. 





Activation by a-Glucose-1 ,6-diphosphate—In Fig. 2 the rates of conver- 
sion of maximally active glucose-1-phosphate (Curve 3) and of an inactive 
sample with added glucose-1 ,6-diphosphate (Curves 1 and 2) are all shown 
to be nearly the same. Considering that a concentration of about 2 X 
10 mM gave maximal activation, the enzyme must have a high affinity 
for glucose-1,6-diphosphate. This is borne out in the experiment in 
Fig. 3, which shows that half maximal activity was observed with a con- 
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centration of a-glucose-1,6-diphosphate of the order of 5 X 10-7 mole 
per liter. 

A somewhat higher value reported previously (6) was due to the fact 
that the synthetic preparation of the diphosphate then used was a mixture 
of the a and 8 forms. It has since been found that 6-glucose-1 ,6-diphos- 
phate does not have an activating effect on the enzyme. 

Assay for Glucose-1 ,6-diphosphate—By means of the enzyme velocity- 
coenzyme concentration curve, expressed by K = ((V — v)/v) X c, where 
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Fic. 3. Effect of a submaximal amount of glucose-1,6-diphosphate on the rate of 


conversion of inactive glucose-l-phosphate to glucose-6-phosphate in a phospho- 
glucomutase (muscle) reaction mixture. 


K corresponds to that concentration of coenzyme which gives half maximal 
velocity (in our case 5 X 10-7 M), one can determine the amount of glucose- 
1 ,6-diphosphate in an unknown sample. Such determinations were of 
particular interest in the case of various preparations of glucose-1-phos- 
phate. It was found that synthetic glucose-1-phosphate,! depending on 
the method of preparation and purification, contained from practically 
0 to 0.03 per cent of glucose-1 ,6-diphosphate. In the case of enzymatically 
prepared glucose-l-phosphate some samples contained as much as 0.1 per 
cent glucose-1 ,6-diphosphate or 3 times the amount necessary for maximal 


1 Prepared by the method of Cori, Colowick, and Cori (7) as well as by methods 
referred to in a preceding paper (3). 


activat 
6X 1 
tion of 
jnorga 


Pre} 
of cry 
organi 
Sucros 
by the 
active 
phosp! 
proced 
the se 
and re 
were £ 
phate 
phosp! 
magne 
crysta 

Pre; 
ing ra 
ineubs 
At the 
was re 
enzyr 
crysta 
glucos 
then 
phosp 
salt ft 
movec 

Sep 
the fa 
quant 
phate 

Aft 
heate 
centri 


* Ki 
+ Ki 








SUTHERLAND, COHN, POSTERNAK, AND CORI 1289 


activation of the enzyme (in the usual reaction mixture containing 
6 X 10-* m glucose-1-phosphate). The factors which lead to the forma- 
tion of glucose-1 ,6-diphosphate in a system consisting of polysaccharide, 
inorganic phosphate, and phosphorylase are being investigated. 


Exchange Experiments 


Preparation of Glucose-1-phosphate (P**)—This was prepared by exchange 
of crystalline non-radioactive glucose-l-phosphate with radioactive in- 
organic phosphate (5 y of P) in the presence of sucrose phosphorylase (8). 
Sucrose phosphorylase was obtained from dried Pseudomonas saccharophila? 
by the method of Doudoroff (9). At the end of the reaction, the radio- 
active inorganic phosphate was diluted with non-radioactive inorganic 
phosphate and removed by precipitation with magnesia mixture; this 
procedure was repeated twice, the first time 8 mg. of inorganic P were added, 
the second time, 6 mg. The glucose-l-phosphate (P**) was crystallized 
and recrystallized twice as the potassium salt. To the crystalline product 
were added 500 mg. of non-radioactive potassium salt of glucose-1-phos- 
phate and the mixture was washed out with non-radioactive inorganic 
phosphate (16 mg. of P). The inorganic phosphate was removed with 
magnesia mixture and the potassium salt of glucose-l-phosphate was re- 
crystallized twice. 

Preparation of Glucose-1-phosphate (C™*)—Glucose-1-phosphate contain- 
ing radioactive carbon was prepared from radioactive starch? (2 mg.) 
incubated with inorganic phosphate and crystalline muscle phosphorylase. 
At the end of 1 hour, salivary amylase was added and the reaction mixture 
was reincubated for a half hour and then heated for 10 minutes to destroy 
enzyme activity. The glucose-l-phosphate (C') formed was isolated in 
crystalline form after addition of 150 mg. of non-radioactive dipotassium 
glucose-l1-phosphate as carrier. 10 mg. of non-radioactive starch were 
then added and the amylase digestion was repeated. The glucose-1- 
phosphate was again crystallized and recrystallized as the dipotassium 
salt from alcohol. Any precipitate appearing at pH 4 in alcohol was re- 
moved before crystallization of the glucose-1-phosphate. 

Separation of Phosphate Esters—The method of separation is based on 
the fact that the barium salt of the diphosphate ester precipitates almost 
quantitatively from hot, slightly alkaline solution, while glucose-1-phos- 
phate and glucose-6-phosphate remain in solution. 

After incubation with phosphoglucomutase, the reaction mixture was 
heated at 100° for 10 minutes and the coagulated protein was removed by 
centrifugation. To precipitate the barium salt of glucose-1 ,6-diphosphate, 


* Kindly furnished by Dr. W. Z. Hassid of the University of California. 
* Kindly furnished by Dr. M. Gibbs of the Brookhaven National Laboratory. 
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a concentrated barium acetate solution was added in slight excess to the 
supernatant solution and the solution was made alkaline to brom thymol 
blue with ammonium hydroxide. The precipitation was brought to maxi- 
mum by heating at 100° for 2 minutes. The precipitate was separated by 
rapid centrifugation in a heated cup. In order to remove any contamina- 
tion of the diphosphate ester by radioactive monophosphate esters, the 
product was washed three times with a boiling solution of an equilibrium 
mixture of glucose-6-phosphate and glucose-1-phosphate (95:5) containing 
0.45 mg. of P per cc. and was subsequently washed three times with boil- 
ing water. The washed barium salt of the glucose-1 ,6-diphosphate was 
dissolved in ice-cold hydrochloric acid, just acid to Congo red paper; 
any trace of BaSO, which had formed due to the presence of ammonium 
sulfate in the enzyme preparations was removed by centrifugation. The 
glucose-1 ,6-diphosphate was reprecipitated by making the solution alka- 
line to brom thymol blue with ammonium hydroxide and heating. The 
precipitate was again centrifuged while hot. To replace Bat+ by Nat, 
the precipitate was suspended in ice-cold water and ice-cold hydrochloric 
acid was added dropwise until the precipitate was completely dissolved. 
A slight excess of 5 per cent NaeSQO, solution was added, the BaSO, formed 
was centrifuged in the cold, and the supernatant solution was neutralized 
with NaOH. 

The glucose monophosphate was obtained from the initial solution from 
which the diphosphate had been removed as the barium salt. Enough 
alcohol was added to yield a 20 per cent solution. The precipitate formed 
at this alcohol concentration was discarded, since it contained small 
amounts of glucose-1,6-diphosphate, and the alcohol concentration was 
increased to 80 per cent. The precipitate which formed was centrifuged, 
washed with alcohol, then with ether, and dried in vacuo. The precipitate 
was dissolved in a small amount of hot water and any undissolved material 
was discarded. The Ba++ was removed from solution with Na,SQ, as 
already described for the diphosphate. Aliquots of the solutions of the 
sodium salts of the monophosphate and diphosphate esters, each of whose 
phosphorus content had been determined, were evaporated to dryness under 
an infra-red lamp for measurement of radioactivity. 

Measurement of Radioactivity—The radioactivity of all samples was 
measured with a thin mica window counter. The samples which contained 
both P*? and C were measured with and without an aluminum filter 4 
mils in thickness. This filter absorbed all the carbon radiation and 32 
per cent of the phosphorus radiation under the conditions used. The 
radioactivity of the phosphorus in samples about 1 to 1.5 mg. per sq. cm. 


was determined directly from measurements with the filter by which only | 


the phosphorus radiation was recorded. The radioactivity of carbon was 
measured in samples whose thickness (0.1 to 0.2 mg. per sq. cm.) was 


| 
| 
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e so low that no absorption correction was necessary. The radioactivity 
due to carbon was calculated by subtracting from the total radioactivity, 
, as measured without the filter, the radioactivity due to phosphorus; the 
y latter was measured on the same sample with the filter and then corrected 
by the known filter factor. 

Equilibration of Glucose-1-phosphate (P**) with Glucose-1 ,6-diphosphate— 
In a preliminary experiment, the exchange of phosphate between glucose- 
1-phosphate labeled only with radioactive P and glucose-1 ,6-diphosphate 
was investigated. The monoester and diester, each containing 1.5 mg. of 
P, were incubated in a total volume of 6 cc. at 30° for 3 hours in a reaction 
mixture containing phosphoglucomutase, once recrystallized, 0.005 m MgCh, 
n and saturated with 8-hydroxyquinoline. Equilibrium in the conversion of 
e glucose-1-phosphate to glucose-6-phosphate had been attained in about 10 
3 minutes. 

e The glucose-1 ,6-diphosphate and glucose monophosphates were sepa- 
) rated in the manner already described. A comparison of their radioactivities | 
¢ indicated that the diphosphate had attained 65 per cent of the value cal- 
. culated for complete equilibration of both phosphates in the diphosphate 
d with the phosphate of the monophosphate. It was later shown (see the 
d preceding paper (3)) that the diphosphate preparation used in this ex- 
periment was a mixture of the a and 8 forms. Since the 8 form is en- 
. zymatically inactive, the apparent incomplete equilibration becomes ex- 
h plicable. 
d The glucose-1 ,6-diphosphate isolated from the reaction mixture was 
l hydrolyzed in 1 N HCl for 10 minutes at 100° in order to split off the P 


= = h 6h] CC 


msm 


8 in position 1. The solution was then made alkaline with ammonium hy- 
, droxide, 5 times the calculated amount of magnesia mixture were added, 
e and the solution was allowed to stand in the cold for 1 hour. The in- 
y organic phosphate which had precipitated was filtered and washed with 
S| magnesia mixture. The precipitate was dissolved in HCl, made neutral 


to methyl orange, and its phosphorus content and radioactivity were 





e measured. This fraction had 925 counts per minute per mg. of P. 

a The addition of an excess of barium acetate (1.5 times) and 3 volumes 
of ethyl alcohol to the filtrate of MgNH,PO, precipitation yielded a pre- 

S | cipitate of glucose-6-phosphate. This precipitate was centrifuged, washed 

, | with alcohol and ether, and dried in vacuo. The precipitate was dissolved 


in dilute HC] and made alkaline with ammonium hydroxide; a small pre- 
cipitate formed and was discarded. After Ba++ was removed in the usual 
ie way with NasSQ,, the phosphate content and radioactivity of the glucose- 

6-phosphate derived from the diphosphate were determined. The radio- 

activity of this fraction was 985 counts per minute per mg. of P, which 
| agrees, within experimental error, with the value for the P of position 1. 
BY Equilibration of Glucose-1-phosphate (P®, C™) with Glucose-1 ,6-diphos- 
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phate—Two experiments were carried out with glucose-1-phosphate labeled 
with P?? and C. In the first experiment, the reaction mixture contained 
the following components in a total volume of 13.5 cc.: 8-hydroxyquinoline, 
7 mg.; sodium salt of glucose-1 ,6-diphosphate, 4.25 mg. of P; potassium 
salt of glucose-1-phosphate (C"), 0.88 mg. of P; potassium salt of glucose- 
1-phosphate (P*), 4.30 mg. of P; MgCl, 0.1 mm; third phosphoglucomutase 
crystals, 2.2 mg. of protein. Before the addition of the enzyme, a sample 


was withdrawn for phosphate analysis, labile and total. The reaction 
mixture was incubated at 30° at pH 7.1 At the end of 8 minutes, a sample 
was withdrawn for analysis of labile phosphate; equilibrium had been 


reached in the conversion of glucose-1-phosphate to glucose-6-phosphate, 
since the amount of labile phosphate remaining corresponded to the amount 
of labile phosphate in the glucose-1 ,6-diphosphate initially added plus 5 


TABLE [| 
Equilibration of Glucose Monophosphate (C“, P®) and Glucose-1,6-diphosphate in 
Phosphoglucomutase Reaction 
The sample of glucose-1,6-diphosphate used in this experiment consisted of 
mixture of thea andfforms. The results are expressed in counts per minute per mg. 























ps2 cu 
Sample = — 
Initial | 40min. | 9 brs. Initial | 40min. | 9 brs. 
ee | — a 
Glucose monophosphate! * 870 905 | 12,500 | 11,575 | 11,200 
Glucose-1 ,6-diphosphate 0 430 400 0 | 4,950 5,560 





* This sample was inadvertently lost. 


per cent of the total hexose monophosphate P. Half of the remaining 
solution was withdrawn after 40 minutes for separation of the diphosphate 
and monophosphates and the determination of their P®? and C' content. 
After 9 hours of incubation, the diphosphate and monophosphate fractions 
were separated from the remainder of the reaction mixture and their 
radioactivity measured. As is shown in Table I, both the P*® and C" 
values for the diphosphate ester at 40 minutes and 9 hours were approx- 
imately 50 per cent of the values found for the monophosphate esters, 
instead of the equal values to be expected for complete equilibration. 
Again, this was due to the fact that the glucose-1 ,6-diphosphate used in 
this experiment was a mixture of the a and 8 forms. 

In the second experiment, pure a-glucose-1,6-diphosphate was used. 
The reaction proceeded under the same conditions as in the first experiment 
on a somewhat smaller scale, the amount of diphosphate corresponding to 
1.5 mg. of P, glucose-1-phosphate (C™) to 0.42 mg. of P, and glucose-l- 
phosphate (P**) to 2.2 mg. of P. An analysis for labile phosphate after 
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8 minutes of incubation showed that equilibrium had been established in 
so far as the interconversion of glucose-l-phosphate and glucose-6-phos- 
phate was concerned. At the end of 2 hours, the diphosphate and mono- 
phosphates were separated and their radioactivities determined as given 
in Table II. In this case, complete equilibration had been achieved be- 
tween the diphosphate and monophosphates. 


TaBeE II 
Equilibration of Glucose Monophosphate (C™, P®) and 1,6-Diphosphate in Phospho- 
glucomutase Reaction 


Pure a-glucose-1,6-diphosphate was used in this experiment. The results are 
expressed in counts per minute per mg. 























pa cu 
7 Final, 2 hrs. | | Final, 2 hrs. 
ee ia | Calculated | Se | Calculated 
| Initial | acute Initial | | Calcula 
| Found | for aoe | | | Found —— 
| | equim } equilibrium 
ee -— =~ saat A od - —_ 
Glucose monophosphate} 5,060 | 3310 | 3100 | 12 ,320 | 10,200 | 9600 
Glucose-1 ,6-diphosphate| 0 | 3230 | 3100 | 0 | 10,500 | 9600 











DISCUSSION 


The activation of the phosphoglucomutase reaction by synthetic glucose- 
1,6-diphosphate confirms the work of Leloir and coworkers (1, 2). The 
apparent lack of necessity of a coenzyme in previous work in this labora- 
tory, in particular in the work of Najjar (5) with crystalline phospho- 
glucomutase, was due to the presence of the coenzyme as an impurity in 
the glucose-1-phosphate used as substrate. Various samples of glucose- 
1-phosphate were found to contain from 0.03 to 0.1 per cent of glucose-1 ,6- 
diphosphate, amounts sufficient to give maximal activation of the enzyme 
but certainly too low to be detected by ordinary chemical analysis. The 
mechanism of the formation of glucose-1,6-diphosphate during the en- 
zymatic preparation of glucose-1-phosphate is not clearly understood at 
the present time. 

There have been several attempts to elucidate the mechanism of action 
of phosphoglucomutase. Meyerhof et al. (10) investigated the occurrence 
of an exchange between the glucose monophosphates and radioactive 
inorganic phosphate and found no exchange. Schlamowitz and Greenberg 
(11) investigated the possibility of an exchange of glucose (C“) with glucose 
monophosphates in this reaction and again found no evidence of exchange. 
These authors postulated a mechanism which involved the intermediate 
formation of a compound with the phosphate attached simultaneously to 











1294 PHOSPHOGLUCOMUTASE REACTION 


C-1 and C-6 of glucose. Recently Jagannathan and Luck (12) have yp. 
ported that they observed an exchange between glucose-l-phosphate (P®) 
and a labile phosphate group in the enzyme. However, the crystalline 
phosphoglucomutase used in the present study contained no measurable 
phosphate. 

The mechanism suggested by Leloir et al. (2), based on glucose-l,6. 
diphosphate as the coenzyme of the reaction, envisages the enzyme catalyz- 
ing the transfer of the phosphate from position 1 of the coenzyme to position 
6 of glucose-1-phosphate. In this way, the diphosphate becomes glucose. 
6-phosphate and glucose-1,6-diphosphate is regenerated from glucose-l- 
phosphate. In the reverse reaction, the phosphate from position 6 of 
the diphosphate would be transferred to position 1 of glucose-6-phosphate, 


yielding glucose-l-phosphate and again regenerating glucose-1 ,6-diphos- 
phate. This reaction may be represented in the following way. 
_— C-1-phosphate a & -phosphate 
C C C 
b — | 
c +e seek: + ¢ 
ji 

l 
C-l-phosphate —- C C <——__————- C-6-phosphate 


The data presented in this paper on the exchange between the phosphat 
group of glucose monophosphates with the phosphate groups of glucose: 
1,6-diphosphate, and the exchange of the glucose moiety as well, are con- 
sistent with such a mechanism. The exchange of the phosphate alone 
could be explained by other mechanisms but the exchange involving the 
carbon clearly demonstrates that the monophosphate is transformed to 
the diphosphate and the diphosphate, in turn, is transformed to the mono- 
phosphate. 


It should be pointed out that this mode of participation of a coenzyme | 


_in a reaction, namely its conversion to substrate and its simultaneous re 
generation from substrate, is unique among enzyme mechanisms studied 
heretofore. How generally such a mechanism occurs remains a questidl 
for further investigation. It has already been shown for the phospho 
glyceric acid mutase reaction (13) that the coenzyme 2,3-diphosphe 
glyceric acid plays an analogous réle to glucose-1,6-diphosphate in tlt 
phosphoglucomutase reaction. 


SUMMARY 


1. Certain preparations of glucose-1-phosphate, both natural and sy) 


thetic, were found to be inactive, while others showed varying rates 
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conversion to glucose-6-phosphate in the reaction catalyzed by phospho- 
glucomutase. Inactive preparations of glucose-1-phosphate could be made 
fully active by the addition of catalytic amounts of synthetic a-glucose- 
1,6-diphosphate, 5 X 10-7 mole per liter being sufficient for half maximal 
rate. On this basis, samples of glucose-1-phosphate which were maximally 
active without the addition of glucose-1,6-diphosphate contained from 
0.03 to 0.1 per cent of this cofactor; others which were not fully active 
contained less. 

2. The mechanism of the reaction was investigated with glucose-l- 
phosphate labeled with C and P® as substrate, crystalline phospho- 
glucomutase from muscle as enzyme, and non-labeled glucose-1 ,6-diphos- 
phate (in this case added in large amount) as coenzyme. Complete 
equilibration of the phosphate and glucose moieties of the monophosphate 
esters and diphosphate ester occurred. This finding is consistent with a 
mechanism proposed by Leloir and coworkers for this reversible reaction, 
whereby the glucose-1 ,6-diphosphate transfers a phosphate group to the 
glucose-l-phosphate or glucose-6-phosphate. The diphosphate ester is 
thereby transformed to the product of the reaction and simultaneously 
the diphosphate is regenerated from the monophosphate. The net effect 
is a continuous interconversion of substrate and coenzyme, which explains 
the exchange. 
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A SPECIFIC COLOR REACTION OF GLYCOLIC ALDEHYDE 
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Glycolic aldehyde, which may play a rdle in intermediary metabolism 
(1, 2), has not as yet been isolated from physiological materials in the 
form of a well defined derivative. Its detection in animal tissues re- 
quires very sensitive specific tests. Such a test is described in this report. 


EXPERIMENTAL 
Simple Qualitative Test 


Procedure—To 1 cc. of the solution to be tested 2 cc. of the reagent 
are added in test-tubes of uniform size. The reagent consists of 800 mg. 
of diphenylamine (commercial preparation recrystallized from 70 per cent 
alcohol) in 80 cc. of glacial acetic acid (Baker’s Special for Shellac Analy- 
sis)! and 0.55 cc. of sulfuric acid (c.p., N- and As-free). The mixture is 
shaken vigorously, and then the tubes are immersed in boiling water for 
30 minutes. Solutions containing glycolic aldehyde in concentrations of 
as little as 1 mg. per cent show a grass-green color. 

Specificity of Reaction—Trioses show a characteristic brown color. Acet- 
aldehyde and formaldehyde show a greenish yellow and in concentrations 
of above 0.005 per cent a turbidity. Fructose above 0.01 per cent pro- 
duces a greenish blue color, while aldohexoses, pentoses, and methyl- 
pentoses do not show any appreciable color up to concentrations of 0.05 
per cent. The green color seems to be specific for glycolic aldehyde. 


Spectrophotometric Test for Glycolic Aldehyde 


When glycolic aldehyde is present in mixtures which contain a great 
excess of other sugars or aldehydes, the test described above is not feasible. 
In such a case, however, it is possible to detect glycolic aldehyde spectro- 
photometrically. 

Procedure—To 1 cc. of the unknown to be tested 0.2 cc. of a solution 
containing 100 gm. of trichloroacetic acid in 100 cc. of the solution and 2.4 
cc. of a freshly prepared 1 per cent solution of recrystallized diphenylam- 
ine in very pure glacial acetic acid (Baker’s Special for Shellac Analysis)! 


‘Unidentified impurities in other brands of glacial acetic acid give rise to colored 
products in the blank and influence the absorption curve of trioses, fructose, and 
aldehydes. It becomes more difficult under these circumstances to detect glycolic 
aldehyde in the presence of a large excess of these substances. 
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are added. The test-tubes are vigorously shaken and immersed in boiling | 
water for 30 minutes. Solutions of glycolic aldehyde show a grass-green 
color, while trioses, fructose, and formaldehyde produce a blue color, 
which on cooling changes into bluish green. Other sugars in solutions ] 
below 0.05 per cent do not show any appreciable color. 

Absorption Spectrum—As can be seen in Fig. 1, the various aldehydes 
and sugars differ considerably in their absorption spectra. The maximum 
for glycolic aldehyde is at 660 my, that for fructose is at 620 my, dihy- ‘ 
droxyacetone at 600 mu, glyceraldehyde at 515 mu, and formaldehyde at 
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Fig. 1. Absorption spectra of various substances in the diphenylamine reaction | 
Curve I, glycolic aldehyde 2.5 mg. per cent; Curve II, glyceraldehyde 25 mg. per cent; | 
Curve III, formaldehyde 2.5 mg. per cent; Curve IV, fructose 100 mg. per cent; 

Curve V, dihydroxyacetone 25 mg. per cent; Curve VI, ribose 100 mg. per cent; Curve | 
VII, glucuronic acid 100 mg. per cent. 


595 my, whereas acetaldehyde, aldopentoses, aldohexoses, and hexuronit 
acids show almost horizontal absorption curves between 680 and 440 my. po 





Detection of Glycolic Aldehyde in Presence of Other Aldehydic Compounds- oa 
The characteristic differences of the absorption curves enable one to de | qu 
tect glycolic aldehyde in the presence of a 50-fold excess of trioses and de 
fructose or other aldehydes and sugars. To this end we determine the Ine 
density of the solution at two wave-lengths, 660 and 580 my. As cal bec 
be seen from Table I, Deco — Ds is strongly positive for glycolic aldehyde pre 
but negative for all the other compounds investigated. A solution cot sol 
taining 1 mg. of glycolic aldehyde in 100 ce. of HO givesa Deso— Dsw of Ne 
0.150. Therefore 2 y of glycolic aldehyde can be detected by this meals | pe 


If in the unknown solution dihydroxyacetone phosphate is the only sub | 
| 
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stance which interferes with the detection of glycolic aldehyde, it is more 
convenient to use Deseo — Ds, which gives a slightly negative value for 
dihydroxyacetone phosphate and a highly positive one for glycolic alde- 
hyde. 


TABLE [| 
Densities at 660, 580, and 500 mp and Their Differences for Various Substances 


| | | 





Substance | ‘ration | XTtb0 | x<1000 | x Ton | Dis x. | Dae, X 
+ el mg. per 
cent | 
Glycolic aldehyde... ............... | 2.5] +555 +180, +75 | +375 | +480 
Formaldehyde..... 5.6 Shanes 2.5 | +185 | +700 | +465 | —515 | —280 
Acetaldehyde. st hotels epee 5.0 +8 +24 —-5| -—-16/) +13 
Tiny ers mer ot | 100.0} —72| -—40| -—20| ~—32| —52 
Glyceraldehyde..............0. 000. | 25.0 | +172 | +370 +670 | —198 | —498 
Fi chug snchs deca | 100.0} -62; -30 -18, -32| —44 
ee eee ee ee ee | 100.0 | +108 | +120; +89) -12! +419 
Ee 5.5'te-k coh Vas eaveg areas | 1000.0 | —55; —54/; —20 —1| —35 
Dihydroxyacetone................. | 25.0 | +130 | +390 +162 | —260| —32 
Adenosinephosphoric acid..........| 50.0| -23 -—12 —1 —11 —22 
SSE GOs ici hc na | 50.0; +34 +31) +652 +3/ —18 
INNO ks ins ais csexasens | 100.0; —19| +19| +388| -—38! —857 
RE re ere ee | 100.0 | —33 | -30| -—18 —3; —15 
Thymonucleic acid.................| 25.0! +50} +200 +145  -—150| —95 
Mixture | | 
NS ey k casi xs otsaloriweed | 200.0 | 
Dihydroxyacetone............... ' 100.0 a 
hn sit na pt cicada ee 100.0/| +210 i +4 
Glycolic aldehyde...............}  4.0}) 








DISCUSSION 


Deo — Ds of the diphenylamine reaction of glycolic aldehyde is pro- 
portional to the concentration of this compound, and therefore under 
certain circumstances it should be possible to determine glycolic aldehyde 
quantitatively. The formation of the green compound by glycolic aldehyde 
depends upon the concentration of the acid in the reaction mixture. With 
increasing concentration of acid, beyond that used in the test, the color 
becomes less specific, and finally the characteristic green color is no longer 
produced. Therefore when glycolic aldehyde has to be determined in a 
solution which contains trichloroacetic acid, it is necessary to determine 
its amount by titration and to add correspondingly less trichloroacetic 
acid for the reaction itself, in order that the final concentration of this 
acid in the sample may be 16.7 per cent, 
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It is remarkable that the specificity of the diphenylamine reaction of 
desoxyribose nucleic acid depends upon approximately the same limits 
of concentration of acid as does that of glycolic aldehyde (3). 


SUMMARY 


1. A new characteristic color reaction for glycolic aldehyde is described, 
2. A spectrophotometric method for the detection of glycolic aldehyde 
in the presence of an excess of other sugars and aldehydes is elaborated, 
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INHIBITION OF ACONITASE BY trans-ACONITATE* 


By MURRAY SAFFRAN anv J. LEAL PRADOT 


(From the Departments of Biochemistry and Psychiatry, McGill University and the 
Allan Memorial Institute of Psychiatry, Montreal, Canada) 


(Received for publication, June 27, 1949) 


Bernheim (2), studying the properties of the ‘‘citric dehydrogenase”’ sys- 
iem, noted that aconitic acid (presumably the trans isomer) inhibited the 
reduction of methylene blue by citric acid. More recently, Morrison and 
Still (3), in a short report, claimed that trans-aconitic acid inhibited com- 
petitively the reaction cis-aconitate = citrate, catalyzed by the aconitase 
of rhubarb leaf. 

The present studies show that trans-aconitate is a competitive inhibitor 
of aconitase of animal tissues and that trans-aconitate inhibits the respira- 


tion of tissue slices and causes the accumulation of citrate by surviving 
kidney cortex and liver slices. 


Methods 


Aconitase—The aconitase used in these studies was a water extract of 
pigeon breast muscle (4) prepared by homogenizing the muscle with water 
in a Waring blendor or in a glass homogenizer and centrifuging the homog- 
enate at 3000 r.v.m. for 10 to 15 minutes. The cloudy supernatant, 
which contained most of the activity, was used. The activity of the en- 
zyme preparation was approximately directly proportional to the mass of 
pigeon muscle extracted (Fig. 1). In all experiments the amount of en- 
zyme is expressed in terms of the original weight of muscle. 

The breast muscle was stored in the freezing compartment of the re- 
frigerator. The frozen tissue retained aconitase activity for many months 
(4). The extracts of muscle also retained aconitase activity if kept frozen, 
but lost activity slowly over a period of weeks, approximately half of the 
activity remaining after 21 days (Fig. 2). 

The extracts of frozen muscle exhibited no respiratory activity. 

Estimation of Citrate—The method of Natelson et al. (5), by which citric 
acid is estimated but not cis- or trans-aconitic or isocitric acids, was modified 
for use with the standard cuvettes of the Evelyn or Coleman universal 
photometers. 


* This investigation was carried out during the tenure of a Life Insurance Medical 
Research Fund Student Fellowship by one of us (M. 8.) and with the aid of a grant 
from the National Research Council, Ottawa. A preliminary report of a portion of 
this investigation has been published (1). 

t Canada-Brazil Trust Fund Fellow. 
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Manometric Methods—The studies on respiration were carried out with 
the usual Warburg technique in phosphate-buffered media. 

Chemical Preparations—trans-Aconitic acid was prepared from citric 
acid (6). cts-Aconitic anhydride, which yields the acid when dissolved in 
water, was made from trans-aconitic acid (7). Other substances were puri- 
fied commercial preparations. The acids were neutralized with equivalent 
amounts of sodium bicarbonate before use. 
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Fig. 1. Aconitase activity of an aqueous extract of frozen pigeon breast muscle. 
10 uM of cis-aconitate in 1 ml. of 0.1 m phosphate buffer (pH 7.4) were incubated in 
open tubes with 1 ml. of an aqueous extract of 10 to 50 mg. of frozen tissue. The reac- 
tion was stopped at 30 minutes by the addition of 2 ml. of 25 per cent trichloroacetic 
acid and the contents of the tubes were analyzed for citrate. Temperature, 38°. 

Fic. 2. Stability of frozen aconitase extracts. Conditions the same as for Fig. |. 
The extract in each determination represented 67 mg. of fresh muscle. 


Results 


Inhibition of Aconitase—When cis-aconitate is incubated with aconitase, 
about 85 to 90 per cent is converted to citrate at equilibrium; citrate, in- 
cubated with aconitase, disappears to the extent of about 10 to 15 per cent 
(8). The addition of 0.06 m trans-aconitate to either of these systems 
diminishes the rate of interconversion. It also causes the reaction to stop 
before equilibrium is attained (Fig. 3). This may be the result of inactive- 
tion of the enzyme under the conditions of the experiment. 

The extent of the inhibition depends upon the concentration of trans 
aconitate; increasing the concentration of trans-aconitate results in the | 
decreased formation of citrate from cis-aconitate (Fig. 4). For a large | 
portion of the curve the inhibition is a linear function of the common loga- 
rithm of the concentration of inhibitor. 
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Nature of Inhibition—Prolonged exposure of aconitase to high concen- 
trations of trans-aconitate (0.06 m) at 38° apparently results in inactiva- 
tion of the enzyme, since the usual equilibrium is not attained (Fig. 3). 
The nature of the inhibition with lower concentrations of inhibitor was 
also investigated. 
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Fig. 3. Inhibition of aconitase by trans-aconitate. Incubation carried out in open 
tubes containing 1 ml. of substrate (10 uM of citrate or cis-aconitate) in 0.1 m phos- 
phate buffer (pH 7.4), either 1 ml. of buffer or 1 ml. of trans-aconitate (180 um) in buf- 
fer, and 1 ml. of an aqueous extract of 30 mg. of frozen muscle. Temperature, 38°. 
Reaction stopped by the addition of 2 ml. of a 25 per cent solution of trichloroacetic 
acid. 1 ml. aliquots of the supernatant were analyzed for citrate. 

Fig. 4. Inhibition of aconitase by increasing concentrations of trans-aconitate. 
Incubation carried out in Warburg flasks containing 0.1 ml. of cis-aconitate (10 uM), 
2.0 ml. of trans-aconitate (5 to 1000 um), both in 0.1 m phosphate buffer (pH 7.4), and 
0.5 ml. of aconitase extract (4 mg. of pigeon muscle) in buffer. The reaction was 
stopped after 60 minutes by the addition of 2.5 ml. of a 20 per cent solution of tri- 


chloroacetic acid and the contents of the flasks were analyzed for citrate. Gas, N2; 
temperature, 37°. 


Lineweaver and Burk (9) have developed graphic criteria for competitive 
inhibition: plotting the reciprocal of the initial concentration of substrate 
(1/8) against the reciprocal of the velocity of the reaction (1/v), in the 
presence of increasing amounts of a competitive inhibitor, produces a fam- 
ily of straight lines of increasing slope, but with a common intercept on the 
ordinate. 

Concentrations of cis-aconitate of 0.0001 to 0.002 m were incubated for 
10 minutes with aconitase and 0, 0.005, and 0.010 m trans-aconitate. Plot- 
ting 1/s) against 1/v (Fig. 5) results in three straight lines of increasing 
slope, but with slightly different intercepts on the ordinate. The dif- 
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ference between the intercepts may be explained in part by experimentg! 
error, but it may be caused by a slight amount of the inactivation of the 
enzyme that was seen in Fig. 3, when higher concentrations of trang. 
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Fig. 5. Competitive inhibition of aconitase by trans-aconitate. The numerals a 
the curves indicate the concentration of trans-aconitate in micromoles per ml. » = 
micromoles of citrate formed in 10 minutes; s»9 = initial concentration of czs-aconitate 
in micromoles perml. The experiment was performed in open tubes containing 0.1 to 
2.0 ml. of cis-aconitate (1 to 20 um) in 0.1 m phosphate buffer (pH 7.4), 1 or 2 ml.d 
trans-aconitate (50 or 100 um) in buffer, buffer to 7.0 ml., and 3.0 ml. of an aqueous 
extract of frozen pigeon muscle, representing 20 mg. of tissue. ‘Temperature, 38 
The reaction was stopped after 10 minutes by the addition of 1 ml. of a 100 per cent 
(weight by volume) solution of trichloroacetic acid and the contents of the tubes 
were analyzed for citrate. 

Fia. 6. Inhibition of the respiration of rat kidney cortex slices by trans-aconitate 
and malonate. Curves A and B, normal respiration; Curve C, 0.002 m trans-aconi 
tate; Curve D, 0.002 m malonate; Curve E, 0.002  trans-aconitate together with 0. 
M malonate; Curve F, 0.02 m trans-aconitate; Curve G, 0.02 m malonate; Curve I 
0.02 m trans-aconitate together with 0.02 mM malonate. Medium, 2 ml. of calcium-free 
Krebs-Ringer-phosphate solution. Gas, O.; temperature, 37°. 


aconitate were used. With lower concentrations of inhibitor the inhib: 
tion appears to be predominantly competitive. 

Inhibition of Respiration—The addition of trans-aconitate to slices 
kidney cortex or liver, respiring in calcium-free Ringer-phosph ite medi 
caused a definite decrease in the rate of oxygen consumption. The it 
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in the presence of added malate or fumarate, but was largely overcome by 
the addition of the tricarboxylic acids, citric and cis-aconitic (Fig. 7), 
The inhibition of respiration of slices of various tissues is increased by in- 
creasing concentrations of trans-aconitate (Table I). 

Effect on Accumulation of Citrate—The accumulation of citrate by slices 
of kidney cortex and liver was greatly increased in the presence of 0.02 y 
trans-aconitate. This effect of trans-aconitate was enhanced by the addi. 
tion of 0.01 m pyruvate or malate, but not by the addition of acetate, 
The results obtained with rabbit kidney cortex slices are illustrated jn 
Fig. 8. 
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Fic. 8. Effect of trans-aconitate on the accumulation of citrate by slices of rabbit 
kidney cortex. O, no inhibitor added; @, 0.02 m trans-aconitate added. Mediun,? 
ml. of calcium-free Krebs-Ringer-bicarbonate solution, pH 7.4, with an atmosphere 
of 5 per cent CO. in O.. Temperature, 37°. Tissue killed by the addition of 0.5m. 
of a 100 per cent (weight by volume) solution of trichloroacetic acid and the contents 
of the flasks analyzed for citrate. 


DISCUSSION 


Research in intermediary metabolism has elucidated many of the reat: 
tions in the Krebs or tricarboxylic acid cycle, but several gaps remail. 
One of the unknown regions is that involving the tricarboxylic acids, cil, 
cis-aconitic, and isocitric. Evidence from isotope studies (10-12) seemed 
to eliminate symmetrical compounds, like citrate, from the direct path d 
the Krebs cycle, and consequently citrate was placed in a side reaction. 
However, recent theoretical considerations by Ogstoa (13) have pointed 
out that the formation of only one optical isomer of isocitrate from citrate 
indicates that citrate is attached to aconitase in one way only, in effect 
endowing the molecule with asymmetrical properties. This argument has 
been strengthened by experimental evidence. 
ported recently that citrate was formed from oxalacetate and acetate unde! 
conditions in which aconitase could not be demonstrated. 


Stern and Ochoa (14) 
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Another experimental approach to this problem is made possible by 
using trans-aconitate as an inhibitor of aconitase. If it is assumed that 
one of the three tricarboxylic acids, citric, cis-aconitic, or isocitric, is the 
product of the condensation of oxalacetate and a 2-carbon compound, 
three schemes can be set up. 

If the additional assumption is made that érans-aconitate specifically 
inhibits aconitase (indicated by the dashed lines in the schemes), the effect 
of the addition of trans-aconitate on the accumulation of citrate would de- 
pend upon the order in which the tricarboxylic acids are formed. Scheme 


Co ' F 
' ' 
A Citrate - 
(A) >> - cis Aconi tate == Isocitrate 
\ ' 
C, 
Krebs cycle 
Citrate 
Cy — : 
(B) >> cis-Aconi tate => Isocitrate 
of ; | 
Krebs cycle 
Citrate 
cis-Aconita te 
&o a aiiinees 
(Cc) Ps Isocitrate 
C4 | 


Krebs cycle 


A would result in the accumulation of more citrate in the presence than in 
the absence of the inhibitor, because the breakdown of citrate would be 
inhibited. Scheme B would result in the accumulation of less citrate be- 
cause its formation would be inhibited. Scheme C would drastically re- 
duce the amount of citrate formed and would not explain the inhibition of 
respiration by trans-aconitate. 

In this investigation citrate accumulated in larger amounts when trans- 
aconitate was added to tissue slices, suggesting that Scheme A is probably 
involved. However, similar results might be expected from Scheme B if 
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trans-aconitate inhibits the reaction cis-aconitate = isocitrate more strongly 
than the reaction cis-aconitate — citrate, implying the existence of the two 
aconitases of Jacobson et al. (15). Alternatively, these results could be 
explained by all three schemes if the further breakdown of isocitrate were 
inhibited more strongly by trans-aconitate than the reactions of the aconi- 
tase system (Scheme D). 

Experiments to test the effect of trans-aconitate on the reaction cis- 
aconitate =— isocitrate and on the breakdown of isocitrate are now in 


progress. 


We are indebted to Dr. K. A. C. Elliott and Dr. O. F. Denstedt for their 
interest and encouragement in this investigation. 


(D) 





Krebs cycle 


SUMMARY 


1. The inhibition of aconitase by trans-aconitate is primarily competitive, 
Prolonged exposure to high concentrations of inhibitor apparently results 
in inactivation of the enzyme. 

2. The respiration of kidney cortex and liver slices is inhibited by trans- 
aconitate. This inhibition is largely overcome by the addition of citrate 
or cis-aconitate. 

3. The accumulation of citrate by tissue slices is markedly increased 
by trans-aconitate, suggesting that citrate is formed by the condensation 
of oxalacetate and a 2-carbon compound. 

4. The accumulation of citrate from acetate by slices of rabbit kidney 
cortex is much less than from pyruvate or malate. 
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fect, Ranney, Entenman, and Chai- 
koff, 307 

Blood serum: Electrophoresis, factors 
influencing, Moore, Roberts, Costello, 


and Schonberger, 1147 
Peptidase, adrenal cortex effect, 
Schwartz and Engel, 1047 
Proteins, electrophoresis, Deutsch and 
McShan, 219 
—, origin, Roberts and White, 505 
Serotonin, Rapport, 961 
Tocopherols, determination, micro-, 
Quatfe, Scrimshaw, and Lowry, 1229 
Vasoconstrictor, Rapport, 961 
—, chemical constitution, Rapport, 
961 

—, creatinine, Rapport, 961 


Blood sugar: See also Hyperglycemia 
Butter yellow: Methyl groups, metab- 
olism, Boissonnas, Turner, and du 
Vigneaud, 1053 
Butyrate: Acetyl phosphate and acetate 
conversion to, Clostridium kluyveri 
enzyme preparations, Stadtman and 
Barker, 1117 
Ethanol and acetate conversion to, 
Clostridium kluyveri enzyme prep- 
arations, Stadtman and _ Barker, 
1085 
Oxidation, Clostridium kluyveri en- 
zyme preparations, acetyl phosphate 
formation, Stadtman and Barker, 
1095 
Butyric acid: «-Amino-, metabolism, 
Armstrong and Binkley, 1059 
a-Keto-, cystathionine cleavage, enzy- 
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matic, Carroll, Stacy, and du Vi- 
gneaud, 375 


Cc 


Calcium: Food, determination, micro-, 
colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 

Stool, determination, micro-, colori- 
metric, Michaels, Anderson, Margen, 
and Kinsell, 175 

Urine, determination, micro-, colori- 
metric, Michaels, Anderson, Margen, 
and Kinsell, 175 

Caproate: Ethanol and acetate conver- 
sion to, Clostridium kluyvert enzyme 
preparations, Stadtman and Barker, 

1085 

Carbamate(s): Leucemia, chemotherapy, 
Mitchell, Hutchinson, Skipper, and 
Bryan, 675 

Carbohydrate(s) : Sulfuric acid solutions, 
spectrophotometry, JIkawa and 
Niemann, 923 

Total, liver, synthesis from pyruvate, 
ion effect, Buchanan, Hastings, and 


Nesbett, 447 
Carbon: Radioactive, phenylalanine 
metabolism, use in study, Schepartz 
and Gurin, 663 

Carbon!!: Skipper, White, and Bryan, 
1187 


Sodium bicarbonate, labeled, retention, 
Skipper, White, and Bryan, 1187 
Sucrose labeled with, preparation 
from glucose or fructose, Wolochow, 
Putman, Doudoroff, Hassid, and 
Barker, 1237 
Carbon dioxide: Fixation, C-labeled 
biotin, stability, Melville, Pierce, 
and Partridge, 299 
pert-Naphthindan-2,3,4-trione hydrate 
and, a-amino acid determination, 
use, Moubasher and Sina, 681 
Respiratory, oxygen source, heavy 
oxygen in study, Lifson, Gordon, 
Visscher, and Nier, 803 
Carbonic anhydrase: Blood, determina- 
tion, Alischule and Lewis, 557 
Carboxylase: Co-. See Cocarboxylase 
De-, oxalacetate, Azotobacter vine- 
landii, Plaut and Lardy, 13 
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Carboxylic acid: Derivatives, hydroxyl- | 


amine reaction with, analytical ap- 
plication, Hestrin, 
Carboxypeptidase: Pancreas, sedimenta- 
tion rate and molecular weight, 
Smith, Brown, and Hanson, 33 
Casein: Enzyme hydrolysis, nutrition 
effect, Allison, Chow, White, and 


Roth, 383 
Catalase: Determination, perborate use, 
Feinstein, 1197 


-Ethyl hydrogen peroxide compounds, 
Chance, 865, 947 
Hydrogen peroxide, alkyl, reaction, 


Chance, 865 
-—, reaction, Chance, 947 
-Methyl hydrogen peroxide compounds, 
Chance, 865," 947 
Cephalin: Blood plasma, diethy!- 
stilbestrol effect, Ranney, Entenman, 
and Chaikoff, 307 
Liver, diethylstilbestrol effect, 
Ranney, Entenman, and Chaikoff, 
307 


Chick: Enzyme activity, folic acid and 
vitamin By, relation, Williams, 
Nichol, and Elvehjem, 689 

Cholesterol: Determination, chloroform 
extraction, Kingsley and Schaffert, 


315 

Esterase, Yamamoto, Goldstein, and 
Treadwell, 615 
—, pancreatin, preparation and proper- 
ties, Yamamoto, Goldstein, and 
Treadwell, 615 


Choline: Acetyl-, esterase, acylation re- 

actions, Hestrin, 879 

—, hydroxylamine with, reaction, an- 

alytical application, Hestrin, 249 

—, -like compound, enzymatic syn- 

thesis, Nachmansohn, Hestrin, and 

Voripaieff, 875 

Chymotrypsin: Acetyl-1-tyrosinamide 

hydrolysis, methanol effect, Kauf- 

man and Neurath, 181 

B, electrophoresis and solubility, Ku- 

backi, Brown, and Laskowski, 73 

5-, substrate specificity and sedimenta- 
tion rate, Schwert and Kaufman, 

517 


249 | 








INDEX 


Chymotrypsinogen: B, electrophoresis 
and solubility, Kubacki, Brown, and 
Laskowski, 73 

Citrulline: Liver, synthesis from orni- 
thine, biotin deficiency, effect, 
MacLeod, Grisolia, Cohen, and Lardy, 

1003 

Clostridium kluyveri: Enzyme prepara- 
tions, acetyl phosphate and acetate 
conversion to butyrate, Stadtman and 


Barker, 1117 
— —,— — and acetate from acetoace- 
tate decomposition, Stadtman and 
Barker, 1169 


-—, ethanol and acetate conversion to 
butyrate and caproate, Stadtman and 


Barker, 1085 
— —, — — butyrate oxidation, acetyl 
phosphate formation, Stadtman and 
Barker, 1095 


— —, fatty acid synthesis, Stadtman 
and Barker, 1085, 1095, 1117, 1169 

— —, hydrogen activation, Stadtman 
and Barker, 1117 
Cocarboxylase: Thiamine triphosphoric 


acid, relation, Velluz, Amiard, and 
Bartos, 1137 
Copper: Ion, amino acids, a-amino 
groups, effect, Kurtz, 1253 
Molybdenum metabolism, relation, 
Comar, Singer, and Davis, 913 


Creatine: Formation in vitro, methyl 
phosphate and guanidoacetic acid | 
effect, Binkley and Watson, 971 | 

Creatinine: Blood serum vasoconstrie- 
tor, Rapport, 961 

Cystathionine: Cleavage, enzymatic, | 
a-ketobutyric acid production, Car- 
roll, Stacy,and du Vigneaud, 37) | 

Cysteine: S-Benzyl-, isomers, prepara- 
tion, enzymatic, Reed, Kidwai, and 
du Vigneaud, 571 | 

Cystine: Growth, tryptophan-deficient | 
diets, effect, Hankes, Henderson, and 
Elvehjem, 1027 

Methionine conversion to, cystinuria, | 
Reed, Cavallini, Plum, Rachele, and | 
du Vigneaud, 783 

Cystinuria: Methionine conversion t 
cystine, Reed, Cavallini, Plum, 
Rachele, and du Vigneaud, 783 
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SUBJECTS 


Cytoplasm: Tobacco leaf, tobacco mosaic 
virus protein, effect, Wildman, Cheo, 
and Bonner, 985 


D 


Decarboxylase: Oxalacetate, Azotobac- 

ter vinelandii, Plaut and Lardy, 13 

Dehydrogenase: Glycerophosphate, 
crystalline, muscle, Baranowski, 

535 

Suceinic, mercury and thiol com- 

pounds, effect, Kreke, Kroger, and 


Cook, 565 
Dehydropeptidase: Purification and 
properties, Shack, 411 


Delphinine: Derivatives, demethylation, 
Jacobs and Sato, 133 
Delphonine: Dihydroisopyrooxo-, Jacobs 
and Sato, 479 


Isopyrooxo-, and desmethylanhydro 
derivatives, oxidation, Jacobs and 
Sato, 479 

Desoxypentose nuclease: Yeast, 
Zamenhof and Chargaff, 727 
Diabetes: Acetylation, Charalampous 
and Hegsted, 623 


Diethanolamine: Liver phospholipides, 
formation, effect, Artom, Cornatzer, 
and Crowder, 495 

Diethylstilbestrol: Blood plasma and 
liver lecithin, cephalin, and sphingo- 
myelin, effect, Ranney, Entenman, 
and Chaikoff, 307 

Dihydroisopyrooxodelphonine: Des- 
methylanhydro derivatives, oxida- 


tion, Jacobs and Sato, 479 
Oxidation, Jacobs and Sato, 479 
Dihydroxyphenylalanine: Oxidation, 
tyrosinase effect, Mason and Wright, 
235 

Dimethylaminoazobenzene: 4-, cleav- 


age, reductive, liver, triphosphopyri- 
dine nucleotide relation, Mueller and 
Miller, 1125 
Dinitrophenol: 2,4-, hexokinase and 
glycogenolysis, effect, Pierce and 
Field, 895 
Diphenylamine: Inulin determination, 
use, Little, 747 


Diphtheria: Succinoxidase system, heart 
muscle and, comparison, 
heimer and Hendee, 


Pappen- 
597 
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Diphtheria—continued: 
Toxin, Pappenheimer and Hendee, 597 
E 


Earthworm: Nitrogen metabolism, Cohen 
and Lewis, 79 
Enolpyruvic acid: Phosphory]-, synthesis, 


Baer and Fischer, 145 
Enzyme(s): Acetylcholine-like com- 
pound, synthesis, Nachmansohn, 
Hestrin, and Voripaieff, 75 


S-Benzylhomocysteine, isomers, prep- 
aration, Reed, Kidwai, and du Vi- 
gneaud, 571 

Casein hydrolysis, nutritive effect, 
Allison, Chow, White, and Roth, 

383 

Chromatography, paper, Mitchell, Gor- 
don, and Haskins, 1071 

Clostridium kluyveri, acetyl] phosphate 
and acetate conversion to butyrate, 
Stadtman and Barker, 1117 

— —,—  — and acetate from acetoace- 
tate decomposition, Stadtman and 
Barker, 1169 

— —, ethanol and acetate conversion to 
butyrate and caproate, Stadtman and 
Barker, 1085 

— —, — — butyrate oxidation, acety] 
phosphate formation, Stadtman and 
Barker, 1095 

— —, fatty acid synthesis, Stadt- 
man and Barker, 

1085, 1095, 1117, 1169 

— —, hydrogen activation, Stadtman 
and Barker, 1117 

Cystathionine cleavage, a-ketobutyric 
acid production, Carroll, Stacy, and 
du Vigneaud, 375 

Folic acid and vitamin Bi, effect, 


Williams, Nichol, and Elvehjem, 
689 
Proteolytic, methionine peptides, 
cleavage, Dekker, Taylor, and Fruton, 
155 


Pteroylglutamic acid transformation, 
Lowry, Bessey, and Crawford, 389 
Tripeptides, hydrolysis, Fodor, Price, 
and Greenstein, 193 
See also Aconitase, Aldolase, etc. 
Erythrocyte(s): See Blood cell, red 
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Escherichia coli: Mutant strains, amino 
acids and peptides, utilization, Sim- 
monds and Fruton, 635 

— —, p-aminobenzoic acid synthesis, 
effect, Lampen, Jones, and Roepke, 


423 

Esterase: Acetylcholine, acylation reac- 
tions, Hestrin, 879 
Blood cell, white, polymorphonuclear, 
Rossiter and Wong, 933 
Cholesterol, Yamamoto, Goldstein, and 
Treadwell, 615 


—, pancreatin, preparation and proper- 
ties, Yamamoto, Goldstein, and 
Treadwell, 615 

Ethanol: Butyrate and caproate, con- 
version from, Clostridium kluyveri 
enzyme preparations, Stadtman and 
Barker, 1085 

Oxidation, Clostridium kluyveri en- 
zyme preparations, acetyl phosphate 
formation, Stadtman and Barker, 

1095 

Ethanolamine: Analogue, liver phospho- 
lipides, effect, Artom, Cornatzer, and 
Crowder, 495 

Di-, liver phospholipides, formation, 
effect, Artom, Cornatzer, and Crow- 
der, 495 

F 
Fatty acid(s): Synthesis, Clostridium 


kluyvert enzyme preparations, Stadt- 
man and Barker, 1085, 1095, 1117 


1169 

Fetus: Liver, nucleic acid, Geschwind 
and Li, 467 
Folic acid: Enzyme activity, effect, 


Williams, Nichol,and Elvehjem, 689 
See also Pteroylglutamic acid 


Food: Calcium determination, micro-, 
colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 

Isoleucine determination, Horn, Jones, 
and Blum, 695 
Magnesium determination, micro-, 
colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 


Fructose: Sucrose, C“ labeled from, 
Wolochow, Putman, Doudoroff, Has- 
sid, and Barker 1237 





INDEX 


Furan(s): Nitro-, metabolism, Paul, 
Austin, Paul, and Ells, 345 


—, urine end-products, ultraviolet 


absorption, administration effect, 
Paul, Austin, Paul, and Ells, 345 

G 

Gastric: See Stomach 
Glucose: 1-C!4-p-, preparation, Sowden, 


55 

Liver glycogen synthesis from, ion 
effect, Buchanan, Hastings, and 
Nesbett, 435 
Sucrose, C14 labeled from, Wolochow, 
Putman, Doudoroff, Hassid, and 
Barker, 1237 
Tolerance,scurvy, thyroid and methyl- 


thiouracil effect, Banerjee and 
Ghosh, 189 
Glucose-1,6-diphosphate: a- and 8., 
synthesis, Posternak, 1269 
Glucose-l-phosphate: Cleavage mecha- 
nism, Cohn, 771 


Glutamic acid: Pteroyl-. 
glutamic acid 
Glutamine: Blood plasma, anterior pitui- 
tary growth hormone, effect, Bartlett, 
Gaebler, and Harmon, 1021 
Desamidation, non-enzymatic, anion 
effect, Gilbert, Price, and Greenstein, 
209 
Glycerophosphate: Dehydrogenase, crys- 
talline, muscle, Baranowski, 535 
Glycine: Labeled, liver protein glycine 
and serine, C!4-labeled, administra- 
tion effect, Goldsworthy, Winnick, 
and Greenberg, 341 
Liver protein, C-labeled, labeled 
glycine administration, effect, Golds- 
worthy, Winnick,and Greenberg, 34l 
Serine formation from, _ biological, 
Siekevitz and Greenberg, 845 
Glycogen: Liver, synthesis from pyru- 
vate, ion effect, Buchanan, Hastings, 
and Nesbett, 447 
Synthesis, liver, from glucose, ion 


See Pteroyl- 


effect, Buchanan, Hastings, and 
Nesbett, 435 
Glycogenolysis: 2,4-Dinitrophenol ef- 
fect, Pierce and Field 895 


Hyperglycemic-, factor, gastric mucosa, 
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SUBJECTS 


Glycogenolysis—continued: 
purification, Sutherland, Cori, 
Haynes, and Olsen, 825 
Hyperglycemic-, factor, insulin, purifi- 
cation, Sutherland, Cori, Haynes, 


and Olsen, 825 
Glycolic aldehyde: Color reaction, 
Dische and Borenfreund, 1297 
Glycolysis: Liver homogenates, Stoesz 
and LePage, 587 
Growth: Cystine, tryptophan-deficient 
diets, effect, Hankes, Henderson, 


and Elvehjem, 1027 
Hormone, anterior pituitary, blood 
plasma glutamine, amino acids, and 
urinary ammonia, effect, Bartlett, 


Gaebler, and Harmon, 1021 
Phenylpyruvic acid effect, Bubl and 
Butts, 839 


Threonine, tryptophan-deficient diets, 
effect, Hankes, Henderson, and 
Elvehjem, 1027 

Guanidoacetic acid: Creatine formation 
in vitro, effect, Binkley and Watson, 
971 


H 


Harden-Young: Yeast alcoholic fermen- 
tation, Meyerhof, 575 

Heart: See also Muscle 

Hemoglobin: Avian, determination, 
Rostorfer, o¢@ #901 

Hexokinase: Blood cell, red, hormones, 
effect, Christensen, Plimpton, and 


Ball, 791 
2,4-Dinitrophenol effect, Pierce and 
Field, 895 
Histamine: Acetyl-, urine, histamine 
administration effect, Tabor and 
Mosettig, 703 
Urine acetylhistamine, administration 
effect, Tabor and Mosettig, 703 


Histidine: Synthesis, mechanism, lactic 
acid bacteria, Broquist and Snell, 59 
Hormone (s) : Blood cell, red, hexokinase 
effect, Christensen, Plimpton, and 


Ball, 791 
Hyaluronidase: Testis, preparation, 
Freeman, Anderson, Oberg, and 
Dorfman, 655 
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Hydrogen: Activation, Clostridium kluy- 
veri enzyme preparations, Stadtman 


and Barker, 1117 
Hydrogen peroxide: Alkyl, catalase, 
reaction, Chance, 865 
Catalase, reaction, Chance, 947 
Ethyl, catalase compounds, Chance, 
865, 947 

Methyl, catalase compounds, Chance, 
865, 947 

Hydroxylamine: Acetylcholine with, 
reaction, analytical application, 
Hestrin, 249 


Carboxylic acid derivatives with, re- 
action, analytical application, Hes- 
trin, 249 

Hyperglycemia: -Glycogenolytic factor, 
gastric mucosa, purification, Suther- 
land, Cori, Haynes,and Olsen, 825 

— —, insulin, purification, Sutherland, 

Cori, Haynes, and Olsen, 825 


I 


Insulin: Hyperglycemic-glycogenolytic 
factor, purification, Sutherland, Cori, 
Haynes, and Olsen, 825 

Inulin: Determination, diphenylamine 
use, Little, 747 

Ion(s): Liver glycogen and carbohy- 
drate synthesis from pyruvate, 
effect, Buchanan, Hastings, and 
Nesbett, 447 

— — synthesis from glucose, effect, 
Buchanan, Hastings, and Nesbett, 


435 
Isocitrate : d-, tobacco leaf culture, effect, 
Vickery and Abrahams, 37 


Isoleucine: Foods, determination, micro- 
biological, Horn, Jones, and Blum, 
695 

Protein, determination, microbiologi- 
cal, Horn, Jones, and Blum, 695 
Isopyrooxodelphonine: Desmethylan- 
hydro derivatives, oxidation, Jacobs 
and Sato, 479 
Oxidation, Jacobs and Sato, 479 


K 
Ketobutyric acid: a-, cystathionine cleav- 


age, enzymatic, Carroll, Stacy, and 
du Vigneaud, 375 
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L 


Lactate: Pyruvate-, blood, oxythiamine 
effect, Frohman and Day, 93 
Lactic acid: Bacteria, histidine synthe- 
sis, mechanism, Broquist and Snell, 

59 

Lactobacillus lactis: Determination, 
microbiological, vitamin By, use, 
Caswell, Koditschek, and Hendlin, 
125 

Lamb: Amino acids, Schweigert, Guth- 
neck, Kraybill,and Greenwood, 1077 
Laurin: Tri-, (—C'*OO—), emulsified, 
metabolism, Geyer, Matthews, and 
Stare, 1037 
Lecithin: Blood plasma, diethylstilbes- 
trol effect, Ranney, Entenman, and 
Chaikoff, 307 
Liver, diethylstilbestrol effect, 
Ranney, Entenman, and Chaikoff, 
307 

Leucemia: Carbamates, chemotherapy, 
Mitchell, Hutchinson, Skipper, and 


Bryan, 675 
Leucine: Aminopeptidase, specificity, 
Smith and Polglase, 1209 


Iso-, foods, determination, microbio- 

logical, Horn, Jones,and Blum, 695 

—, protein, determination, microbio- 

logical, Horn, Jones, and Blum, 695 

Radioactive, acetoacetate conversion 

to, Coon and Gurin, 1159 
Leucocyte(s): See Blood cell, white 


Lipide(s): Phospho-. See Phospho- 
lipides 

Lipoprotein: Yeast, Nyman and Char- 
gaff, 741 

Liver: Cephalin,  diethylstilbestrol 
effect, Ranney, Entenman, and 
Chaikoff, 307 


Citrulline synthesis from ornithine, 
biotin deficiency, effect, MacLeod, 
Grisolia, Cohen, and Lardy, 1003 

4-Dimethylaminoazobenzene cleavage, 
reductive, triphosphopyridine nuc- 
leotide relation, Mueller and Miller, 


1125 
Fetus, nucleic acid, Geschwind and 
li, 467 


Glycogen and carbohydrate synthesis 








INDEX 


Liver—continued: 
from pyruvate, ion effect, Buchanan, 
Hastings, and Nesbett, 447 
Glycogen, synthesis from glucose, ion 
effect, Buchanan, Hastings, and 
Nesbett, 435 
Homogenates, glycolysis, Stoesz and 


LePage, 587 
Lecithin, diethylstilbestrol effect. 
Ranney, Entenman, and Chaikoff, 
307 


Phospholipides, formation, diethanol- 
amine effect, Artom, Cornatzer, and 


Crowder, 495 
Phosphorus, Wildman, Campbell, and 
Bonner, 273 
Protein, glycine and serine, Cu. 


labeled, labeled glycine administra. 
tion, effect, Goldsworthy, Winnick. 
and Greenberg, 341 
Sphingomyelin, diethylstilbestrol ef. 
fect, Ranney, Entenman, and Chai- 
kof, 307 
Lumbricus terrestris: See Earthworm 


M 


Magnesium : Food, determination, 
micro-, colorimetric, Michaels, An- 
derson, Margen, and Kinsell, 115 

Stool, determination, micro-, colori- 
metric, Michaels, Anderson, Margen, 
and Kinsell, 175 

Urine, determination, micro-, colori- 
metric, Michaels, Anderson, Margen, 
and Kinsell, 175 

Malic acid: Determination, fluorometric, 
Hummel, 1225 

Malt: a-Amylase, starches and derivs- 


tives, adsorbents, Schwimmer an 
Balls, 883 
Mannose: 1-C'*-p-, preparation, Sowden, 
By 

Melanin: Chemistry, Mason and Wright, 
235 


Mercury: Compounds, succinic dehydr- 
genase and succinoxidase system, 
effect, Kreke, Kroger, and Cook, 5 

Methane: C'‘-Nitro-, p-arabinose with, 
condensation, Sowden, 5 
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SUBJECTS 


Methanol: 
drolysis by chymotrypsin, effect, 


Acetyl-L-tyrosinamide hy- 


Kaufman and Neurath, 181 
Methionine: Cystine, conversion from, 
eystinuria, Reed, Cavallini, Plum, 
Rachele,and du Vigneaud, 783 
Methyl! group, oxidation and distribu- 
tion, Mackenzie, Chandler, Keller, 
Rachele, Cross, and du Vigneaud, 
99 

Peptides, synthesis and enzymatic 
cleavage, Dekker, Taylor, and Fru- 
ton, 155 
Methyl group(s): Butter yellow, metab- 
olism, Boissonnas, Turner, and 

du Vigneaud, 1053 
Methionine, oxidation and distribution, 
Mackenzie, Chandler, Keller, Rachele, 
Cross, and du Vigneaud, 99 
Methyl phosphate: Creatine formation, 
in vitro, effect, Binkley and Watson, 


971 

Methylthiouracil: Glucose tolerance, 
scurvy, effect, Banerjee and Ghosh, 
189 


Molybdenum: Metabolism, copper and 
phosphorus relation, Comar, Singer, 
and Davis, 913 

Mosaic: Virus, tobacco, protein, leaf 
protein relation, Wildman, Cheo, and 


Bonner, 985 
Muscle: Glycerophosphate dehydro- 
genase, crystalline, Baranowskt, 

535 


Heart, succinoxidase system, diph- 
therial, and, comparison, Pappen- 
heimer and Hendee, 597 

Mutase: Phosphogluco-, metal-binding 
agents, effect, Sutherland, 1279 

—, reaction, mechanism, Suther- 

land,Cohn, Posternak,andCori, 1285 
Myogen: A, aldolase, Baranowski and 
Niederland, 543 


N 


Naphthindan-2 ,3 ,4-trione hydrate: 
peri-, and carbon dioxide, «-amino 
acid determination, use, Moubasher 
and Sina, 681 
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Neoplasm: Urethane catabolism, Mitch- 
ell, Hutchison, Skipper, and Bryan, 
675 

Nitrofuran(s): Metabolism, Paul, Aus- 
tin, Paul, and Ells, 345 
Urine end-products, ultraviolet ab- 
sorption, administration effect, Paul, 


Austin, Paul, and Ells, 345 
Nitrogen: Metabolism, earthworm, 
Cohen and Lewis, 79 


Storage, mechanism, Bartlett, Gaebler, 
and Harmon, 1021 
Nitromethane: C!!-, p-arabinose with, 
condensation, Sowden, 55 
Nuclease: Desoxypentose, yeast, 
Zamenhof and Chargaff, 727 
Nucleic acid: Liver, fetal, Geschwind 
and Li, 467 
Ribo-, Kerr and Seraidarian, 1203 
——-, pancreas, preparation, Kerr and 
Seraidarian, 1203 
Yeast, isotopically labeled, Di Carlo, 
Schultz, Roll, and Brown, 329 

—, metabolism, Roll, Brown, Di Carlo, 
and Schultz, 333 
Nucleotide(s): Riboflavin, determina- 
tion, fluorometric, Bessey, Lowry, 
and Love, 755 

—, preparation, LePage and Mueller, 
975 

—, tissues, Bessey, Lowry, and Love, 
755 

Triphosphopyridine, 4-dimethylami- 
noazobenzene cleavage, reductive, 
liver, relation, Mueller and Miller, 


1125 

oO 
Oat: Coleoptiles, phosphorus, Wild- 
man, Campbell, and Bonner, 273 


Octanoic acid: (—C'OO—), metabo- 
lism, Geyer, Matthews, and Stare, 
1037 

Organic acid(s): Tobacco leaves, me- 
tabolism, Vickery and Abrahams, 

37 

Ornithine: Liver, citrulline synthesis 
from, biotin deficiency, effect, 
MacLeod, Grisolia, Cohen, and 
Lardy, 1003 
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Oxalacetate: Decarboxylase, Azotobacter 


vinelandii, Plaut and Lardy, 13 
Oxidase: Pterine, Lowry, Bessey, and 
Crawford, 399 
Succin-, diphtheria, heart muscle and, 
comparison, Pappenheimer and 
Hendee, 597 


—, mercury and thiol compounds, 


’ 


effect, Kreke, Kroger, and Cook, 


565 

—, Salmonella aertrycke, Kun and 
Abood, 813 
Succinate, phosphate and phosphorus 
compounds, relation, Ball and 
Cooper, 113 


Oxybiotin: Derivatives, biotin and oxy- 
biotin, effect, Azelrod and Hof- 
mann, 525 

Oxybiotin derivatives, effect, Axelrod 
and Hofmann, 525 

Oxygen: Blood, determination, spectro- 

photometric, Hickam and Frayser, 
457 

Carbon dioxide, respiratory, source, 
heavy oxygen in study, Lifson, 
Gordon, Visscher, and Nier, 803 
Molecular, fate, heavy oxygen in 


study, Lifson, Gordon, Visscher, 
and Nier, 803 
Oxythiamine: Blood pyruvate-lactate, 
effect, Frohman and Day, 93 
Thiamine excretion, effect, Frohman 
and Day, 93 


Oxytocic material: Preparation, coun- 
ter-current distribution use, Liver- 
more and du Vigneaud, 365 


P 


Pancreas: Carboxypeptidase, sedimenta- 
tion rate and molecular weight, 
Smith, Brown, and Hanson, 33 

Ribonucleic acid preparation, Kerr 
and Seraidarian, 1203 

Pancreatin: Cholesterol esterase, prepa- 
ration and properties, Yamamoto, 
Goldstein, and Treadwell, 615 

Peptidase: Amino-, leucine, specificity, 
Smith and Polglase, 1209 

Blood serum, adrenal cortex effect, 
Schwartz and Engel, 1047 
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Peptidase—continued: 
Carboxy-, pancreas, sedimentation 
rate and molecular weight, Smith 


Brown, and Hanson, 33 
Dehydro-, purification and proper. 
ties, Shack, 41] 
Peptide(s): Escherichia coli. mutant 
strains, utilization, Simmonds and 
Fruton, 635 
Methionine, synthesis and enzymatic 
cleavage, Dekker, Taylor, and | 
Fruton, 155 
Tri-, enzyme hydrolysis, Fodor, Price, 
and Greenstein, 193 
Perborate: Catalase determination, use, 
Feinstein, 1197 


Phaseolus vulgaris: See Bean 
Phenylalanine: Metabolism, radioactive 


carbon in study, Schepartz and 
Gurin, 663 
Racemic, resolution, Gilbert, Price, 
and Greenstein, 473 
8-3-Thienylalanine relation,  Garsi, 
Campaigne, and Day, 1013 
Phenylpyruvic acid: Growth, effect, 
Bubl and Butts, 839 


Phosphatase: Alkaline, beryllium effect, 
Klemperer, Miller, and Hill, 
Grier, Hood, and Hoagland, 289 

Phosphate: Succinate oxidase, relation, 
Ball and Cooper, 113 

Phosphoglucomutase: Metal-binding 
agents, effect, Sutherland, 1279 

Reaction, mechanism, Sutherland, 
Cohn, Posternak, and Cori, 1285 
Phospholipide(s): Liver, formation, di- 


ethanolamine effect, Artom, Cor- 
natzer, and Crowder, 495 
Phosphorus: Liver, Wildman, Campbell, 
and Bonner, 273 
Molybdenum metabolism, _ relation, 
Comar, Singer, and Davis, 913 
Oat coleoptiles, Wildman, Campbell, 
and Bonner, 273 
Succinate oxidase, relation, Ball and 
Cooper, 113 


Tobacco leaves, Wildman, Campbell, 


and Bonner, 23 | 


Phosphorylation: Aerobic, mechanism, 
Hummel and Lindberg, l 
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SUBJECTS 


Phosphoryl-enolpyruvic acid: Synthe- 


sis, Baer and Fischer, 145 
Photolysis: Pteroylglutamic acid trans- 
formation, Lowry, Bessey, and 
Crawford, 389 


Pituitary: Anterior, growth hormone, 
blood plasma glutamine and amino 
acids, effect, Bartlett, Gaebler, and 


Harmon, 1021 
—,— —, urine ammonia, effect, Bart- 
lett, Gaebler, and Harmon, 1021 
Pork: Amino acids, Schweigert, Guth- 
neck, Kraybill, and Greenwood, 
1077 

Protein, availability, heat effect, 
Beuk, Chornock, and Rice, 1243 
Protein(s): Bean, crystalline, Bour- 
dillon, 553 
Blood plasma, biophysics, Deutsch and 
McShan, 219 
— serum, electrophoresis, Deutsch 
and McShan, 219 
——, origin, Roberts and White, 505 
Factor, animal, nature, Stokstad, 
Jukes, Pierce, Page, and Franklin, 
647 

Isoleucine determination, microbio- 
logical, Horn, Jones, and Blum, 
695 

Leaf, green, Wildman, Cheo, and 
Bonner, 985 
Lipo-, yeast, Nyman and Chargaff, 
741 


Liver, glycine and serine, C!*-labeled, 
labeled glycine administration, ef- 
fect, Goldsworthy, Winnick, and 
Greenberg, 341 

Pork, availability, heat effect, Beuk, 
Chornock, and Rice, 1243 

Synthesis, ammonia utilization rate, 
Sprinson and Rittenberg, 707 

Tissue, dietary amino acids, interac- 
tion, Sprinson and Rittenberg, 715 

Tobacco mosaic virus, leaf protein 
relation, Wildman, Cheo, and Bonner, 

985 
Proteolysis: Enzyme, methionine pep- 
tides, cleavage, Dekker, Taylor, and 


Fruton, 155 
Pterine: Oxidase, Lowry, Bessey, and 
Crawford, 399 
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Pteroylglutamic acid: Transformation, 
photolytic and enzymatic, Lowry, 
Bessey, and Crawford, - 389 

See also Folic acid 

Pyruvate: -Lactate, blood, oxythiamine 

effect, Frohman and Day, 93 
Liver glycogen and carbohydrate syn- 
thesis from, ion effect, Buchanan, 


Hastings, and Nesbett, 447 
Pyruvic acid: Phenyl-, growth, effect, 
Bubl and Butts, 839 
Phosphoryl-enol-, synthesis, Baer and 
Fischer, 145 

R 
Riboflavin: Nucleotides, determination, 
fluorometric, Bessey, Lowry, and 
Love, 755 
—, tissues, Bessey, Lowry, and Love, 
755 
Ribonucleic acid: Kerr and Seraidarian, 
1203 
Pancreas, preparation, Kerr and 
Seraidarian, 1203 

S 
Salmonella aertrycke: Succinoxidase, 
Kun and Abood, 813 
Scurvy: Glucose tolerance, thyroid and 
methylthiouracil effect, Banerjee 
and Ghosh, 189 
Serine: Glycine conversion to, bio- 


logical, Siekevitz and Greenberg, 
845 
Liver protein, C-labeled, labeled 


glycine administration, effect, Golds- 


worthy, Winnick, and Greenberg, 
341 
Serotonin: Rapport, 961 


Sodium bicarbonate: Labeled, C’ re- 
tention from, Skipper, White, and 
Bryan, 1187 

Sphingomyelin: Blood plasma, diethyl- 
stilbestrol effect, Ranney, Enten- 
man, and Chaikoff, 307 

Liver, diethylstilbestrol effect, Ran- 
ney, Entenman, and Chaikoff, 307 

Starch(es): Derivatives, malt a-amy- 
lase, adsorbents, Schwimmer and 
Balls, 883 
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Starch(es)—continued: 
Malt a-amylase, adsorbents, Schwim- 
mer and Balls, 883 
Stilbestrol: Diethyl-. See Diethyl- 


stilbestrol, 

Stomach: Mucosa, hyperglycemic-glyco- 
genolytic factor, purification, Suther- 
land, Cori, Haynes, and Olsen, 825 

Stool: Calcium determination, micro-, 


colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 
Magnesium determination, micro-, 
colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 


Succinate: Oxidase, phosphate and phos- 
phorus compounds, relation, Ball 


and Cooper, 113 
Succinic dehydrogenase: Mercury and 
thiol compounds, effect, Kreke, 
Kroger, and Cook, 565 


Succinoxidase: Diphtheria, heart mus- 
cle and, comparison, Pappenheimer 


and Hendee, 597 
Salmonella aertrycke, Kun and Abood, 
813 


Systems, mercury and thiol com- 
pounds, effect, Kreke, Kroger, and 
Cook, 565 

Sucrose: Carbon'‘-labeled preparation 
from glucose or fructose, Wolochow, 
Putman, Dovudoroff, Hassid, and 
Barker, 1237 


T 


Testis: Hyaluronidase preparation, Free- 
man, Anderson, Oberg, and Dorfman, 


655 

Thiamine: Excretion, oxythiamine 
effect, Frohman and Day, 93 
Oxy-, blood pyruvate-lactate, effect, 
Frohman and Day, 93 

—, thiamine excretion, effect, Froh- 
man and Day, 93 


Thiamine pyrophosphate: Thiamine tri- 
phosphoric acid relation, Velluz, 
Amiard, and Bartos, 1137 

Thiamine triphosphoric acid: Cocar- 
boxylase relation, Velluz, Amiard, 
and Bartos, 1137 





INDEX 


Thienylalanine: 8-3-, phenylalanine re- 
lation, Garst, Campaigne, and Day, 


1013 
—, synthesis, Garst, Campaigne, and 
Day, 1013 


Thiol: Compounds, succinic dehydro- 
genase and succinoxidase systems, 
effect, Kreke, Kroger, and Cook, 


565 

Thiophene(s): 3-Substituted, Garst, 
Campaigne, and Day, 1013 
Thiouracil: Methyl-, glucose tolerance, 


scurvy, effect, Banerjee and Ghosh, 

189 

Threonine: Growth, tryptophan-defi- 
cient diets, effect, Hankes, Hender- 


son, and Elvehjem, 1027 
Thyroid: Glucose tolerance, scurvy, 
effect, Banerjee and Ghosh, 189 


Tobacco: Leaves, d-isocitrate and ace- 
tate solutions, culture effect, Vick- 


ery and Abrahams, 37 
—, organic acids, metabolism, Vickery 
and Abrahams, 37 
—, phosphorus, Wildman, Campbell, 
and Bonner, 273 


Mosaic virus protein, leaf protein rela- 
tion, Wildman, Cheo, and Bonner, 


985 
Tocopherol (s):a-, and esters, vitamin E, 
Harris and Ludwig, 611 


Blood serum, determination, micro-, 
Quaife, Scrimshaw, and Lowry, 12% 


Tissue, Quaife and Dju, 263 
Toxin: Diphtheria, Pappenheimer and 
Hendee, 597 


Trilaurin: (—C'™%OO—), emulsified, me- 


tabolism, Geyer, Matthews, and 
Stare, 1037 
Tripeptide(s): Enzyme hydrolysis, 
Fodor, Price, and Greenstein, 1% 
Triphosphopyridine: Nucleotide, 4-di- 


methylaminoazobenzene cleavage, 
reductive, liver, relation, Mueller 


and Miller, 1125 
—, preparation, LePage and Mueller, 
975 


Trypsin: Chymo-, acety]-u-tyrosinamide 
hydrolysis, methanol effect, Kauf- 
man and Neurath, 181 
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SUBJECTS 


Trypsin—continued: 
Chymo-, B, electrophoresis and solubil- 
ity, Kubacki, Brown, and Laskowski, 


73 
§-Chymo-, substrate specificity and 


sedimentation rate, Schwert and 
Kaufman, 517 
Trypsinogen: Chymo-, B, electrophoresis 
and solubility, Kubacki, Brown, and 
Laskowski, 73 
Tryptophan: -Deficient diets, cystine 
and threonine, growth, effect, 
Hankes, Henderson, and Elvehjem, 
1027 
Determination, fluorometric, Gordon 
and Mitchell, 1065 
Racemic, resolution, Gilbert, Price, 
and Greenstein, 473 
Tumor: See also Neoplasm 
Tyrosinamide: Acetyl-t-, chymotryp- 
sin, hydrolysis, effect, Kaufman 
and Neurath, 181 
Tyrosinase: §Dihydroxyphenylalanine 
oxidation, effect, Mason and 
Wright, 235 
Tyrosine: Racemic, resolution, Gilbert, 
Price, and Greenstein, 473 


U 


Urethane: Catabolism, neoplasms, 
Mitchell, Hutchison, Skipper, and 
Bryan, 675 

Urine: Acetylhistamine, histamine ad- 
ministration effect, Tabor and 
Mosettig, 703 

a-Amino acids, determination, peri- 
naphthindan-2,3,4-trione hydrate- 
carbon dioxide use, Moubasher and 
Sina, 681 
Ammonia, anterior pituitary growth 
hormone, effect, Bartlett, Gaebler, 
and Harmon, 1021 
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Urine—continued: 
Calcium determination, micro-, colori- 
metric, Michaels, Anderson, Margen, 


and Kinsell, 175 
Magnesium determination, micro-, 
colorimetric, Michaels, Anderson, 
Margen, and Kinsell, 175 


Nitrofuran end-products, ultraviolet 
absorption, administration effect, 
Paul, Austin, Paul, and Ells, 345 


Vv 


Vasoconstrictor: Blood serum, Rapport, 
961 

— —, chemical constitution, Rapport, 
961 

— —, creatinine, Rapport, 961 
Virus: Tobacco mosaic, protein, leaf 
protein relation, Wildman, Cheo, 
and Bonner, 985 
Vitamin (s): Bi2, enzyme activity, effect, 
Williams, Nichol,and Elvehjem, 689 

—, Lactobacillus lactis determination, 


microbiological, use, Caswell, 
Koditschek, and Hendlin, 125 
E, tissue, determination, chemical, 
Quaife and Dju, 263 
—, a-tocopherol and esters, Harris and 
Ludwig, 611 
Y 
Yeast: Alcohol fermentation, Harden- 
Young effect, Meyerhof, 575 
Desoxypentose nuclease, Zamenhof 
and Chargaff, 727 
Lipoprotein, Nyman and Chargaff, 
741 


Nucleic acid, isotopically labeled, 


Di Carlo, Schultz, Roll, and 
Brown, 329 
— —, metabolism, Roll, Brown, Di 
Carlo, and Schultz, 333 
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